Introduction
============

Because of increasing environmental impacts from human activities, a growing number of captive breeding programs are being initiated to salvage endangered species and/or populations from extinction ([@b150], [@b151]; [@b265]; [@b99]). Historically, many of these programs have been met with considerable difficulty ([@b228]; [@b267]; [@b328]; [@b99]). Yet, despite the extensive resources and labor that captive breeding programs require, few studies have thoroughly investigated the following: (i) how well current captive breeding procedures might recover endangered populations, (ii) to what extent particular genetic factors might hinder or help the success of captive breeding, and (iii) alternative solutions to captive breeding for endangered species and/or population recovery.

Here, I critically investigate these issues as they pertain to how well captive breeding programs involving fish hatcheries can conserve salmonid diversity, a group of well-studied and socio-economically important fish species native to the northern hemisphere. In a time when the remarkable diversity within salmonid species has been recognized legally for its import to species' persistence and adaptability ([@b310]; [@b149]), salmonid populations in many regions of their native ranges are experiencing unprecedented population declines and/or low levels of natural recruitment. Human activities implicated in salmonid declines include overexploitation, habitat loss from logging, agriculture, damming and urbanization, environmental change related to climate warming, stocking of hatchery fish and negative interactions with their wild counterparts, and the introduction of non-native or invasive species ([@b179]; [@b214]; [@b221]; [@b208]). Population declines and habitat fragmentation are often so severe that natural recolonization of habitats via dispersal ('straying') is difficult ([@b215]). Consequently, captive breeding programs involving hatcheries have become widely-used tools in an attempt to prevent population extinctions or reintroduce extirpated populations ([@b22]; [@b84],[@b85]; [@b231]; [@b215]).

The general uses and goals of hatcheries in salmonids are varied ([@b317]; [@b209]). For instance, 'hatchery augmentation programs' are a century-old management tool and aim to increase the abundance of populations solely for fishery opportunities ([@b209]). For the purposes of this review, however, and to avoid confusion, I categorize two other 'types' of hatchery programs below that either (i) aim to restore extirpated or endangered populations, or (ii) rehabilitate declining or threatened populations. Indeed, it is these conservation-oriented programs that are most relevant to consider in the context of the capacity of hatcheries to conserve biodiversity, particular in the context of (i) which is the focus of the review.

'Captive breeding programs', broadly speaking, serve to use hatcheries to maintain populations that are unable to survive in the wild for at least a portion of their lifecycle ([@b296]). The proximate goal of these programs is to prevent imminent extinction of declining species or populations. Their ultimate goal is to maintain the genetic diversity and fitness within populations until the threats to them are removed and they can be reintroduced as self-sustaining populations ([@b296]; [@b231]). These programs have been recently advanced and the most extensively applied in Europe and North America.

'Supplementation programs', on the other hand, involve the intentional demographic integration of hatchery and natural production, with the goal of improving the status of an existing natural population ([@b317]). Such programs have been used in many regions but most extensively in Western North America ([@b209]). Here they are used to mitigate losses in declining or threatened populations from human activities and/or environmental changes.

In reality, the definitions, uses, and goals of these programs represent a continuum along which the status of populations may range anywhere from being threatened to extirpated (and ultimately, rendering the species extinct) ([Fig. 1](#fig01){ref-type="fig"}). In some cases then, it may be hard to distinguish the exact moment when a supplementation program has become a captive breeding program, or vice-versa ([Fig. 1](#fig01){ref-type="fig"}). In addition, programs within these categories may vary considerably between hatchery facilities, in terms of (i) the procedures that they adopt to improve the chances that the program will achieve its goals and (ii) the duration or life-history stage of hatchery-rearing ([Table 1](#tbl1){ref-type="table"}; see [Appendix 1](#app1){ref-type="app"} for literature search details). For instance, only recently have a number of procedures been feasible or recognized for mitigating a myriad of genetic risks in the hatchery that might affect the success of captive breeding programs ([Table 2](#tbl2){ref-type="table"}). Live-gene banking programs of Atlantic salmon in Norway and eastern North America (see [Box 1](#bx1){ref-type="boxed-text"}; [Table 1](#tbl1){ref-type="table"}) are good examples of 'current' captive breeding programs that accommodate many of these new procedures to protect populations that are at the extreme of the continuum outlined in [Fig. 1](#fig01){ref-type="fig"}; that is, populations that are extirpated or facing imminent extinction.

###### Box 1. Glossary of terms used throughout the review

Allelic richness -- A measure of genetic diversity, usually expressed as the mean number of alleles found at multiple gene loci; otherwise known as allelic diversity.

Effective population size - The size of a stable, randomly mating population that would have the same rate of gene loss or increase in inbreeding as the real population (size *N*). All finite populations are inbred to some degree and generally do not choose mates at random, so *N*~e~ is typically 1/10 *N* or less ([@b97]). [@b97] reviewed the factors that reduce *N*~e~ relative to *N* and found that fluctuating population sizes, variance in family sizes and unequal sex ratios are the most important factors driving *N*~e~/*N* downwards.

Domestication selection -- For the purposes of this review, this term is defined broadly following [@b57] and [@b311]. Domestication selection firstly relates to genetic changes in a captive population resulting directly or indirectly from either intentional or nonintentional selection within the captive breeding environment. It also relates to temporary relaxation of selection in the captive environment which might not lead to genetic change in the captive environment but which would otherwise occur in the wild ([@b311]). In other words, domestication selection can be *any* change in the selection regime of a cultured population relative to that experienced by the natural population ([@b311]). Also known as, broadly speaking, genetic adaptation (reviewed in [@b99]).

Genetic drift - Stochastic fluctuations in allele frequencies or loss of rare alleles due to the random sampling of gametes at each generation.

Heterozygosity -- A measure of genetic diversity. Having different alleles at one or more corresponding gene loci.

Inbreeding - A regime of reproduction that implicates the union of related gametes (gametes sharing a common ancestor).

Inbreeding depression- A reduction in the fitness of offspring from the mating of related individuals.

Live-gene banking program -- A form of captive breeding program that (i) involves multiple generations of captive breeding to protect populations that are at immediate risk from extinction and (ii) implements a number of procedures from [Table 2](#tbl2){ref-type="table"} to minimize genetic and fitness-related risks associated with captive breeding or rearing ([@b215]). Typically, and by necessity, most if not all of the population is housed under captive conditions for at least a part of the species' lifecycle.

Local source population -- The creation of a captive-bred population from a particular wild population that is then reintroduced into the same environment (e.g., river) occupied by that wild population, for the purposes of re-establishing or supplementing the wild population.

Neutral genetic markers- DNA technologies targeting and amplifying genomic regions (gene loci) that are not subject to natural selection (i.e., that are selectively neutral). Genetic differentiation within or between populations can be evaluated using neutral genetic markers, to evaluate the relative roles of genetic drift, gene flow and/or mutation in population differentiation, or to identify family relationships (kinship) between individuals within populations. Genetic differentiation at neutral genetic markers is common in salmonids, including at small geographic scales (e.g., within large river systems, between geographically proximate lakes) ([@b280]; [@b112]). Genetic differentiation at neutral genetic markers is also sometimes positively correlated with phenotypic or life-history trait differentiation in salmonids, suggesting that selection has played a role in driving the differentiation at these traits (e.g., [@b104]). However, in general, it would appear that differentiation at neutral genetic markers is often a poor proxy for adaptive genetic differentiation between and/or within populations (e.g., [@b236]).

Nonlocal source population -- The creation of a captive-bred population from a particular wild population that is then reintroduced into a different environment (e.g., river) than that of the wild population from which it was derived, for the purposes of re-establishing or supplementing the wild population; similar to the use of the term 'out-of-basin hatchery stock' in the primary literature ([@b32]; [@b9]).

Outbreeding depression -- A reduction of fitness in the offspring (hybrids) of crosses between divergent populations. Outbreeding depression can occur either through the disruption of intrinsic interactions between genes or disruption of extrinsic interactions between genes and the environment (reviewed by [@b69]). Outbreeding depression in hatchery--wild hybrids through the disruption of extrinsic interactions between genes and the environment would be expected primarily if differential selective pressures drive population differentiation. Conversely, outbreeding depression in hatchery--wild hybrids through the disruption of intrinsic interactions between genes would be expected if the ancestral wild population of the hatchery strain and the other wild populations were historically isolated. In reality, both mechanisms might act simultaneously, especially if the hatchery fish originate from a nonlocal source population.

![The continuum of different types of hatchery programs ('harvest supplementation', 'supplementation', and 'captive-breeding') in relation to the status of a species or population. The designation of different programs to specific points along the continuum is not intended to be prescriptive.](eva0001-0535-f1){#fig01}

###### 

Commonalities and differences between and within categories of hatchery programs, depending on the salmonid species and/or particular geographic location. X=majority or all

  Characteristic of the program                                            Traditional hatchery augmentation   Supplementation (e.g., Chinook salmon)   Supplementation (e.g., steelhead, western USA, Canada)   Captive-breeding (winter-run Chinook salmon, California)   Captive-breeding (Pacific salmon, western USA, Canada)   Live gene banking (Atlantic salmon, Norway)   Live gene banking (Atlantic salmon, Canada)
  ------------------------------------------------------------------------ ----------------------------------- ---------------------------------------- -------------------------------------------------------- ---------------------------------------------------------- -------------------------------------------------------- --------------------------------------------- ---------------------------------------------
  Use of local populations for generating broodstocks                                                          Some                                     Some                                                     X                                                          X                                                        X                                             X
  Hatchery release as eyed-embryos                                                                                                                                                                                                                                          Some                                                     Some                                          
  Hatchery release as unfed fry in the wild                                                                                                                                                                                                                                 Some                                                     Some                                          X
  Hatchery release as several week-old fry in the wild                                                                                                                                                                                                                      Some                                                     Some                                          X
  Hatchery release as parr or presmolts in the wild                                                                                                                                                                                                                         Some                                                     Some                                          X
  Hatchery release as smolts in the wild                                   X                                   X                                        X                                                        X                                                          Most                                                     Some                                          
  Free mate choice -- release of adults (^\*^captured as wild juveniles)                                                                                                                                                                                                    Some                                                                                                   Some^\*^
  Adult broodstock always retained in captivity                            X                                                                                                                                                                                                Some                                                                                                   
  Release at optimal dates and sizes                                       Some                                Some                                     Some                                                     X                                                          Some                                                     X                                             X
  Pedigree information used to prevent kinship matings                                                         Some                                     Some                                                     X                                                          Some                                                     X                                             X
  Relatedness estimates of founders to prevent kinship matings                                                 Some                                     Some                                                                                                                Some                                                     X                                             X
  Fish grown at 'natural' growth trajectories before release                                                                                                                                                                                                                                                                                                                       X
  Equalization of family sizes in captivity and at release                                                                                                                                                       X                                                          Some                                                     X                                             X
  Balanced sex ratios when breeding                                                                            Some                                     Some                                                     X                                                          Some                                                     X                                             X
  Recovery of offspring from each spawned adult at each spawning                                                                                                                                                                                                                                                                                                                   X
  Sperm cryopreservation                                                                                                                                                                                         ?                                                          Some                                                     X                                             X

Undoubtedly, individual programs within each category differ in the particular procedures adopted and in the proportion of the broodstock to which each procedure is applied. Detailed comparisons of harvest augmentation and captive-breeding programs in Pacific salmon can be found in [@b85]. See also [@b215] for a description of live-gene banking in Atlantic salmon.

###### 

Examples of means for reducing genetic and other risks associated with captive breeding programs.

  Means for reducing genetic or other risks associated with captive breeding programs                                                Outcome/benefit                                                                                                                                                                                References
  ---------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------
  Minimize generations in captivity                                                                                                  Reduces domestication selection to captivity Reduces the potential loss of genetic diversity in captivity                                                                                      [@b101]; [@b99]
  Minimize intentional selection in captivity (e.g., large adult size, early spawning adults)                                        Reduces domestication selection to captivity Early release of offspring; use broodstock with wild exposure or from the wild                                                                    [@b199]; [@b101]; [@b215]
  Use local populations for captive breeding and/or supplementation                                                                  Reduces the loss of adaptation to local environments Prevents outbreeding depression                                                                                                           [@b32]
  Restrict captive-rearing to life-history stages where natural mortality in the wild is not as severe                               May reduce domestication selection in captivity                                                                                                                                                P. O\'Reilly, DFO Halifax, Canada, personal communication
  Maintain *N*~e~ as high as possible                                                                                                Reduces the loss of genetic diversity in captivity                                                                                                                                             [@b257]; [@b279]; [@b4]; [@b326]; [@b73]; [@b2]; [@b65]; [@b101]; [@b40]; [@b250]; [@b215]; [@b322]
   Start the initial captive broodstock with as many genetically-diverse founders as possible                                                                                                                                                                                                                                       
   Equalize founder representation in the initial captive broodstock                                                                                                                                                                                                                                                                
   Equalize family sizes in captivity and at time of release                                                                                                                                                                                                                                                                        
   Equalize sex ratios at spawning                                                                                                                                                                                                                                                                                                  
   Recover offspring from each spawning adult at each sampling event before release at in each spawning year                                                                                                                                                                                                                        
   Equalize captive population sizes across generations                                                                                                                                                                                                                                                                             
   Maximize captive generation length                                                                                                                                                                                                                                                                                               
   Do not carry out mixed-sperm fertilizations                                                                                                                                                                                                                                                                                      
  Allow free mate choice rather than conduct random matings                                                                          May improve offspring quality and retention of fitness                                                                                                                                         [@b86]; [@b321]; [@b22]; [@b230]
  Minimize family variance in the captive component relative to the wild component of the population                                 Potentially increases *N*~e~ of the whole population                                                                                                                                           [@b256]; [@b135],[@b136]); [@b305]
  Apply sperm cryopreservation techniques, or surrogate broodstock technologies                                                      Maximizes generation length, thereby potentially reducing the loss of genetic diversity and loss of fitness (from domestication selection or a relaxation of natural selection) in captivity   [@b216]; [@b215]
  Greater naturalization of the captive environment (for physiological, morphological and behavioural conditioning)                  Improves survival chances upon exposure to the wild                                                                                                                                            [@b188], [@b189]; [@b31]; [@b260]
  Estimate relatedness among founders and use this information, as well as employ pedigree analyses, to minimize/avoid kin matings   Reduces inbreeding and retains genetic diversity                                                                                                                                               [@b77]; [@b78]; [@b122]; [@b140]; [@b215]; [@b168]
  Optimal releases of captive-reared individuals into the wild (e.g. at proper times, body sizes, water temperatures)                Improves survival chances upon exposure to the wild                                                                                                                                            [@b199]; [@b32]; [@b215]
  Grow captive-reared individuals at 'natural' rates of growth                                                                       Decreases sex ratio skews brought on my early male maturation                                                                                                                                  [@b178]
  Monitor success of released captive-bred individuals                                                                               Feedback for improvement of captive-breeding programs                                                                                                                                          [@b84]; [@b215]
  Delay maturation of individuals in captivity                                                                                       Extend generation length in captivity                                                                                                                                                          [@b101]

Discussions of many of these with specific respect to salmonid fishes can also be found in [@b199], [@b241], [@b85] and [@b215].

Owing to these considerations, I pay careful attention throughout the review to distinguish how differences between supplementation and captive breeding programs may affect interpretations of the capacity of the latter, the predominant focus of the review, to conserve biodiversity. Similarly, wherever possible, the review is careful to discuss how conclusions drawn from previous captive breeding programs may change in the context of 'current' captive breeding programs such as live-gene banking that adopt procedures to minimize genetic risks. Additionally, unless otherwise stated, the term 'wild' refers to fish born in the wild, regardless of the origin of their parents. 'Hatchery' or 'hatchery-reared' refers to fish born and raised in the hatchery during some portion of their lifecycle, regardless of the origin of their parents, but where details of the hatchery-rearing process were unknown. Conversely, 'captive', 'captive-bred' or 'captive-reared' refers to fish born and raised in the hatchery (or in 'captivity') during some portion of their lifecycle, regardless of the origin of their parents, but where some information was available to describe how genetic risks of hatchery-rearing were mitigated.

Bearing these considerations in mind, I take stock of the capacity of captive breeding programs involving hatcheries to conserve salmonid biodiversity by addressing the following questions and related issues. First, I very briefly consider why genetic diversity between and within salmonid populations is important to conserve. Second, I review and weigh the evidence that salmonid captive breeding programs are capable of maintaining both genetic diversity *and* fitness within populations. Third, I summarize available information that captive-reared lines of salmonids can be successfully reintroduced into the wild as self-sustaining populations if and when the threats imposed on them are removed. Fourth, because some degree of wild fitness may be unavoidably lost in captivity, I explore theoretical grounds for whether a demographic boost from increased population abundance can offset such fitness reductions. Fifth, I evaluate whether single or multiple facilities are required to more effectively carry out captive breeding programs involving hatcheries (from a genetic and fitness perspective). Finally, I consider whether technical alternatives to captive breeding programs might be used to conserve salmonid biodiversity. Importantly, while the review focuses on salmonid fishes, these same questions are directly relevant to the assessments of captive breeding programs for many other threatened/endangered species.

Genetic diversity among and within populations: important to conserve?
======================================================================

The conservation of genetic diversity within species is a hallmark of contemporary conservation biology (reviewed in: [@b270];[@b255]; [@b53]; [@b103]; [@b101]; [@b203]; [@b98]). This is true of salmonid biodiversity conservation as well (references in [Table 3](#tbl3){ref-type="table"}), and the costs of *not* conserving genetic diversity are also embodied within the precautionary approach to salmonid fisheries management ([@b64]; [@b112]). The motivation behind conserving genetic diversity stems from a number of important functions that genetic diversity serves, or is believed to serve, to biodiversity maintenance both among and within populations ([Table 3](#tbl3){ref-type="table"}). These functions include (i) maximizing the potential for species/populations to evolve to cope with environmental change, (ii) providing the raw material that natural selection acts upon to generate diversification, and (iii) influencing both ecosystem recovery following disturbances and community species richness ([Table 3](#tbl3){ref-type="table"}). Indeed, the consequences of reduced genetic diversity are strongly purported to reinforce demographic/environmental processes and together drive species extinctions ([@b176]; [@b273]).

###### 

Evidence that genetic diversity between and within populations is important to conserve, as well as functions of genetic diversity within and between salmonid populations and their biological and/or human benefits.

  *Evidence that genetic diversity is important to biodiversity maintenance*                                                                                                        Species              References
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------- -----------------
  Reduced genetic diversity and associated inbreeding within populations are associated with an increased risk of extinction                                                        Butterflies          [@b259]
  Elevated extinction risk in populations with higher rates of inbreeding (lower genetic diversity) than in populations with lower rates of inbreeding (higher genetic diversity)   Plants, fruitflies   [@b211]; [@b25]
  Molecular (e.g., allelic) variation has significant effects on population growth rate                                                                                             Butterflies          [@b124]
  Quantitative (e.g., body size) variation has significant effects on population growth rate                                                                                        Sheep                [@b225]
  Higher genetic diversity within species enhances ecosystem recovery following disturbances                                                                                        Sea grass            [@b244]
  Higher genetic diversity within species increases community species richness                                                                                                      Plants               [@b27]

  *Function of salmonid genetic diversity*                                                                                                                                          Salmonid references
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------
  Maximizes the potential for species to respond to environmental change Protects the progenitors of future biodiversity (e.g., new species) Reduces the likelihood of extinction   [@b293]; [@b308], [@b310]); [@b258][@b24]; [@b281]; see also [@b30][@b310]; [@b64]
  *Direct/indirect benefits of conserving salmonid genetic diversity*                                                                                                               
  Long-term species persistence                                                                                                                                                     [@b293]; [@b308]; [@b258]; [@b281]
  Short-term population viability                                                                                                                                                   [@b64]
  Maintenance of natural evolutionary processes                                                                                                                                     [@b308], [@b310]); [@b64]
  Protection of different habitats, and potentially ecosystem functioning                                                                                                           [@b308], [@b310]); [@b6]
  Maintenance of local adaptations                                                                                                                                                  [@b308], [@b310]); [@b64]
  Maintenance of ecosystem stability                                                                                                                                                [@b247]
  Permits humans to understand how salmonid biodiversity arises                                                                                                                     [@b281]
  Development of proper restoration guidelines if some natural systems are conserved                                                                                                [@b247]; [@b105]
  Potential future resources for humans                                                                                                                                             [@b308]; [@b107]
  Potential future resources for aquaculture programs                                                                                                                               [@b215]

Salmonids are well-studied in terms of the degree to which genetic diversity is partitioned between and within populations. To date, however, the vast majority of these studies have been based on neutral genetic markers ([Box 1](#bx1){ref-type="boxed-text"}). The scale and the extent to which genetic diversity in salmonids is adaptive remain poorly understood. Nevertheless, conservation of salmonid genetic diversity is strongly advocated because several indications suggest that adaptive divergence via natural selection may be important in salmonid diversification, and that it can vary with habitat heterogeneity and/or environmental stability ([@b280]; [@b112]). On the other hand, how best to prioritize intraspecific diversity, both in salmonids and in general, is still a matter of considerable debate ([@b6]; [@b58]; [@b300];[@b103]; [@b203]; [@b330]).

Can captive breeding programs involving hatcheries conserve genetic diversity within populations?
=================================================================================================

Given it is commonly accepted that genetic diversity both within and between populations is important to conserve, it is relevant to consider whether or not captive breeding programs can maintain genetic diversity. For the most concerning situations involving the extirpation or near-extirpation of populations in the wild, captive broodstocks may be unavoidably small owing to a lack of space for housing fish or a limited number of remaining wild founders to initiate captive lines. Captive broodstocks will therefore have a low effective population size (*N*~e~) ([Box 1](#bx1){ref-type="boxed-text"}). Smaller *N*~e~ populations, in the absence of gene flow, lose genetic diversity at a much higher rate through genetic drift ([Box 1](#bx1){ref-type="boxed-text"}) than large *N*~e~ populations (reviewed in [@b101]; [@b158]; but see [@b324]). Relative to larger *N*~e~ populations, smaller *N*~e~ populations are also more susceptible to inbreeding and its associated effects (inbreeding depression) ([Box 1](#bx1){ref-type="boxed-text"}), if they have not been small over long histories to have effectively purged deleterious, recessive alleles ([@b181]). This is a common situation for many captive-bred species that have often experienced rapid declines related directly or indirectly to human activities. In theory, a well-managed captive breeding program implementing a number of procedures (e.g., [Table 2](#tbl2){ref-type="table"}; see below) can generate a ratio of *N*~e~ to census size (*N*) of a population that exceeds one ([@b101]). Usually though, *N*~e~ will be less than *N* owing to three variables: unequal sex ratios, variation in family sizes and, particularly, fluctuating population sizes, that drive down the ratio of *N*~e~/*N* ([@b97]), including in salmonids ([@b312]; [@b12]; [@b8]). There is consequently a consensus that the more these effects are reduced in a captive breeding program (see [Table 2](#tbl2){ref-type="table"}), and the larger the *N*~e~, the more successful that captive breeding program will be at maintaining genetic diversity ([@b101]; [@b164]; [@b195], [@b197]; [@b215]; [@b99]).

One relevant question to ask is, how many generations can *N*~e~ of typical salmonid captive breeding programs maintain genetic diversity? [@b101] have argued that the retention of 90% of genetic diversity (e.g. allelic richness, heterozygosity; [Box 1](#bx1){ref-type="boxed-text"}) over a 100-year period in captivity should be a targeted conservation goal. This time period would equate to 25--33 generations for most captive-reared salmonids, and stems from the timeframe when human population growth is expected to decline and increases in wild habitat may become available ([@b271]). In an analogous situation, [@b102] and [@b96] also argued that a decrease in mean heterozygosity of 1% per generation (i.e., an inbreeding rate of 1%) due to low *N*~e~ was an acceptable rate of loss of diversity in livestock breeding programs. However, there is currently no empirically or theoretically justifiable answer to the question 'how much genetic diversity is enough to conserve a species or population?' Additionally, a rate of loss of heterozygosity of 1% per generation might be acceptable in benign agricultural environments but has not been tested on captive-reared salmonids or other fishes that will be released into the wild ([@b209]). In reality, the goal of any captive breeding program should be perhaps to conserve *as much genetic diversity as possible*. Relationships between genetic diversity and population viability are also complex and likely vary between species and populations within species ([@b278]). Therefore, conservation hope should not be abandoned if a population has lost, say, 20% or more of its genetic diversity over 100 years of captive-rearing; it might, of course, still be reintroduced successfully into the wild. Indeed, there is at least one report of a successful introduction of salmonid populations into previously unoccupied habitat despite limited genetic diversity and low *N*~e~ ([@b165]). Consequently, the present review applies the aforementioned yardsticks cautiously and with these points in mind when interpreting results from empirical or theoretical studies on salmonids.

*N*~e~ in the context of salmonid biology
-----------------------------------------

Theoretical works initially developed to characterize the rate of loss of genetic diversity expected over time in populations of finite size referred to *N*~e~ per generation and were based on species with discrete generations in which there was 100% turnover each generation ([@b307], [@b312]; [@b316]). In reality and, like many other organisms, salmonids have overlapping generations in which individuals from several different-year classes might contribute to a population\'s gene pool annually. However, relative to species from which historical modeling of overlapping generations was derived ([@b76]; [@b142]), many salmonids also differed because they die after breeding. This is the case for semelparous Pacific salmon (*Oncorhynchus* spp.) and for populations of other salmonids with a low degree of iteroparity (e.g., Atlantic salmon, *Salmo salar*). [@b307] discussed how such a characteristic causes a complete turnover in the breeding population each year rather than the gradual transition of most overlapping generation models. In other words, short-term genetic change in many salmonids is more a function of the effective number of breeders per year, *N*~b~, and not generational *N*~e~ ([@b307]). If *N*~b~ remains stable across years, then *N*~e~ per generation is equivalent to *N*~b~ multiplied by the average age of breeders, or generation length *g*, and *N*~e~ = *gN*~b~ accurately predicts the rate to which genetic diversity may be lost through genetic drift in an isolated, captive-reared population.

[@b307] simulated the loss of heterozygosity and allelic diversity that might be accrued over 100 years in isolated salmonid populations with *N*~b~ of 24, 50, and 100, under a Wright-Fisher model with random mating and separate sexes. For a salmonid with a 4-year generation time, these *N*~b~ values would translate into generational *N*~e~ values of roughly 100, 200, and 400. Relative to discrete population models, only slight deficiencies in heterozygosity occurred in the early years of simulations when *N*~b~ was small, by the extent (*g* + 1)/(8*N*~b~) (details in [@b307]). Thus, according to this model (and similar to discrete generation theoretical models: [@b127]), even populations of *N*~b~ = 24 would be capable of retaining ≍88% of initial heterozygosity over a 100-year period ([@b307]); in other words, only ≍0.5% of heterozygosity would be lost per generation in captivity in a salmonid with a 4-year generation time.

For reasons that are unclear, in scenarios involving small versus large *N*~b~ (*N*~b~ = 24 vs. 50 or 100), small *N*~b~ populations also lost rarer alleles more readily than that predicted by the discrete generation model in the early generations, but this effect disappeared after about 10 generations (details in [@b307]). Unless *N*~b~ was small (*N*~b~ = 24), few alleles of frequency \>10% would be lost even over a 100-year period, but rarer alleles (with frequencies of 2% or 5%) would be lost at a much higher rate. For instance, an isolated population of *N*~b~ = 24 could expect to lose ≍47% of alleles with frequencies ≤5% in 100 years, whereas a population of *N*~b~ = 50 or 100 would only lose ≍20% or ≍3% of such alleles, respectively, over the same time period ([@b307]). Such greater losses of allelic diversity relative to heterozygosity are consistent with a wide body of theory (e.g., [@b1]; [@b180]; [@b183]). [@b307] simulations also assumed an age structure of 50% age 4 breeders, and 25% age 3 and age 5 breeders, but changing the age structure had little effect on the outcomes.

Based on these results, [@b307] recommended that maintaining *N*~b~ = 100 in salmonid hatchery broodstocks per year would be sufficient to preserve most alleles for tens of generations. Put another way however, the model suggested that for a salmonid with a 4-year generation time, 90% of the initial rarer allelic diversity (frequencies≤5%) could still be retained after about 8, 17, and \>25 captive generations for populations of *N*~b~ = 24, 50 and 100, respectively (see [@b307]). Thus, the model also suggested that a smaller *N*~b~ (24--50) might be reasonably tolerated in captive breeding programs for shorter time periods than 100 years (e.g., 30--60 years).

Reducing the rate of loss of genetic diversity in captivity predicted from theoretical expectations
---------------------------------------------------------------------------------------------------

Encouragingly, there are means by which to reduce the rate of loss of genetic diversity based on the theoretical considerations outlined above (e.g., a random mating, idealized population), even if the captive broodstock census size is low. Ideally though, it is better to start with as large a founder captive population as possible ([@b4];[@b101]).

One simple and widely recognized approach is to ensure that each individual contributes exactly the same number of progeny to the next generation. Assuming that, for example, an individual of one sex is bred with a single individual of the opposite sex, equalized family sizes from these matings yield a rate of of inbreeding and genetic drift that is roughly half those generated from random contributions of parents in an idealized population ([@b331]; [@b301]). In other words, equalization of family sizes effectively doubles *N*~e~ relative to a randomly mated population. The few experimental tests carried out on this topic with fruitflies have supported theoretical predictions ([@b28]; [@b250]). For instance, [@b250] compared the genetic diversity of captive-lines with equalized versus random contributions after 38 generations at constant size (*N* = 20 or 100) and environmental conditions. After 38 generations, they found that 'equalized' lines retained 23--36% more allelic diversity (at four microsatellite loci) than 'randomized' lines. With respect to salmonids, more recently instated captive breeding programs, such as live-gene banking programs of Atlantic salmon, attempt to balance sex ratios and equalize family sizes not only within captivity but also at the time of release into the wild ([@b215]; P. O\'Reilly, Department of Fisheries and Oceans, Halifax, personal communication; see also [@b135],[@b136]; [@b204]). Live-gene banking programs also attempt to recover at least one offspring per spawned adult repeatedly at each spawning, in each spawning year, and at each sampling event to maximize the retention of genetic diversity of individuals (P. O\'Reilly, Department of Fisheries and Oceans, Halifax, personal communication).

Another more sophisticated and recommended approach is to use pedigree or molecular genetic marker data to minimize mean inbreeding or kinship (coancestry) coefficients between parents before generating every new captive generation ([@b14]; [@b38], [@b37]; [@b78], [@b79]; [@b304]). Salmonid spawnings based on minimizing mean kinship are now being carried out in a number of captive breeding programs (e.g., [@b84]; [@b122]; [@b215]; [@b168]). Currently, however, little empirical research in salmonids or other taxa has been conducted to assess *to what degree* genetic diversity can be more effectively retained with these additional measures relative to theoretical expectations, in terms of their long-term effectiveness. For instance, over four generations and constant population size, [@b202] compared the amount of genetic diversity retained in replicate populations of fruitflies where either kinship was minimized or randomized between breeders (based on six microsatellite loci and seven allozyme loci). The authors found that minimum kinship replicates retained significantly greater levels of allelic richness and heterozygosity than randomized replicates, although diversity in randomized replicates was still 94--95% that of minimized kinship replicates. On the other hand, minimizing kinship in captive populations of endangered species/populations might yield greater benefits than this experimental work would suggest because female fruitflies in this study were restricted to a single mating. Namely, the reuse of under-represented individuals in successive generations would allow them to make greater genetic contributions to successive captive generations ([@b202]). Finally, it is worth noting that some measures for minimizing kinship require detailed pedigree information (e.g., [@b286]; [@b302]; but see [@b304]) which may not be available in some situations.

One potential caveat of strategies that minimize kinship is that they often assume captive broodstock founders are unrelated and not inbred ([@b253]), although with DNA techniques, it is now possible to at least estimate founder relationships ([@b114]; [@b254]). If founders are related or inbred, maximizing *N*~e~ by equaling the genetic contributions of captive breeders will only exacerbate the effects caused by a nonrepresentative sampling of the ancestral gene pool within the captive broodstock ([@b67]; [@b65]). This is important to consider in many salmonids for two reasons. First, related family members within populations may not be distributed randomly at various stages of the life cycle ([@b123]; [@b106]). Second, sampling collections for captive broodstock purposes may be restricted in time and spatial coverage ([@b140]).

Recent modeling suggests that while the potential benefits from knowing founder relationships probably vary on a case-by-case basis, minimizing kinship within a captive broodstook under traditional founder assumptions could still generate near optimal results ([@b253]). Yet, [@b65] illustrated an empirical example in which a greater level of genetic diversity was recovered (and thus retained) within a small captive population generated from related founders, characteristics likely of many captive breeding programs ([@b294]; [@b135],[@b136],[@b137]; [@b215]). Notably, using relatedness estimates based on DNA markers and minimum kinship analyses, [@b65] carried out compensatory matings in a captive population of sea bream (*Pagurus major*), wherein subsets of founders from under-represented lineages were preferentially mated to increase their contribution. Relative to random subsets of breeders of equal size, preferentially-mated subsets of breeders had a lower mean coancestry and they generated an offspring gene pool with greater heterozygosity and allelic diversity ([@b65]). While genetic diversity of the random subsets was still 96% of preferentially-mated subsets, the results suggested a means by which to also reduce the rate of inbreeding and genetic drift predicted from theoretical considerations of *N*~e~, by accounting for the genetic nature of founders.

Empirical *N*~b~ and *N*~e~ in captive salmonid populations
-----------------------------------------------------------

[Table 4](#tbl4){ref-type="table"} provides available estimates of *N*~b~ and *N*~e~ and levels of genetic diversity mainly at highly polymorphic, nuclear DNA loci (microsatellite loci) in a number of salmonid hatchery/captive breeding programs (see [Appendix 1](#app1){ref-type="app"} for literature search details). Because of their high polymorphism, microsatellite loci currently represent the most widely used DNA technologies to detect whether losses of genetic diversity have occurred within captive breeding programs.

###### 

Estimated effective number of breeders (*N*~b~), effective population sizes (*N*~e~), and genetic diversity within broodstocks of captive breeding programs of salmonids, from studies involving mainly polymorphic nuclear DNA markers (microsatellite DNA loci) (95% confidence intervals for *N*~b~/*N*~e~ are in parentheses, where estimated).

  Species                                        Population              Program   *L*                                  Broodstock *N*~b~                        Broodstock *N*~e~                          *H*~e~                                  *A*                                   *G*[a](#tf4-1){ref-type="table-fn"}   Comments or caveats                                                                                                                  Reference
  ---------------------------------------------- ----------------------- --------- ------------------------------------ ---------------------------------------- ------------------------------------------ --------------------------------------- ------------------------------------- ------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------ -----------
  *Salmonids*                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Atlantic salmon                                Teno                    S         9                                    8[b](#tf4-2){ref-type="table-fn"}        32 (17--55)                                0.759                                   10.3                                  1                                     1.7% and 8.2% loss of *H*~e~ and *A* per generation, respectively                                                                    [@b164]
                                                 Tornionjoki             S         9                                    60[b](#tf4-2){ref-type="table-fn"}       238 (89-∞)                                 0.702                                   10.1                                  2                                     1.0% and 1.6% loss of *H*~e~ and *A* per generation, respectively                                                                    [@b164]
                                                 Iijoki                  C         9                                    NA                                       NA                                         0.679                                   8.0                                   5                                     Founded from 500 individuals                                                                                                         [@b164]
                                                 Oulojoki                C         9                                    NA                                       NA                                         0.682                                   6.6[c](#tf4-3){ref-type="table-fn"}   10                                                                                                                                                                         [@b164]
                                                 Teno                    S         7                                    11[b](#tf4-2){ref-type="table-fn"}       44 (27--228)                               0.750                                   10.4                                  1                                     2.5% and 4.8% loss of *H*~e~ and *A* per generation, respectively                                                                    [@b2590]
                                                 Iijoki                  C         7                                    20[b](#tf4-2){ref-type="table-fn"}       79 (48--149)                               0.680                                   9.1                                   5                                     0.1% and 0.9% loss of *H*~e~ and *A* per generation, respectively                                                                    [@b2590]
                                                 Oulojoki                C         7                                    NA                                       NA                                         0.660^c,d^                              7.1[c](#tf4-3){ref-type="table-fn"}   10                                    0.7% and 1.5% loss of *H*~e~ and *A* per generation, respectively                                                                    [@b2590]
                                                 Big Salmon 'A'          C         9                                    NA                                       NA                                         0.822                                   12.1                                  1                                     Number of founders was chiefly 24 adults                                                                                             [@b140]
                                                 Big Salmon 'B'          C         9                                    73                                       270^e^                                     0.852                                   17.4                                  0                                     Genetic diversity of founder population for live-gene banking                                                                        [@b140]
                                                 Stewiacke               C         9                                    69                                       255^e^                                     0.846                                   19.1                                  0                                     Genetic diversity of founder population for live-gene banking                                                                        [@b140]
                                                 Philip                  F         11                                   21--42[b](#tf4-2){ref-type="table-fn"}   102--207[f](#tf4-5){ref-type="table-fn"}   0.610                                   6.8                                   6[f](#tf4-5){ref-type="table-fn"}     0.6% and 5.4% loss of *H*~e~ and *A* per generation, respectively                                                                    [@b148]
                                                 Sellas                  S         6                                    16                                       64[g](#tf4-6){ref-type="table-fn"}         0.797                                   12.2                                  0                                                                                                                                                                          [@b185]
                                                 Cares                   S         6                                    58                                       232[g](#tf4-6){ref-type="table-fn"}        0.783                                   10.3                                  0                                                                                                                                                                          [@b185]
                                                 Connecticut             S/C       9                                    49[b](#tf4-2){ref-type="table-fn"}       194 (159--232)                             0.741                                   NA                                    5[h](#tf4-7){ref-type="table-fn"}     Only observed heterozygosity presented Only 1 generation between temporal samples for estimating *N*~e~ from the method of [@b302]   [@b272]
  Chinook salmon                                 North Fork              S         14                                   \>333[i](#tf4-8){ref-type="table-fn"}    \>1000                                     0.837                                   13.5                                  4                                     0.0% and 0.2% loss of *H*~e~ and *A* per generation, respectively Supplementation program for an already abundant wild population    [@b74]
                                                 Sacremento              S/H       21[j](#tf4-9){ref-type="table-fn"}   133(68--355)                             399[k](#tf4-10){ref-type="table-fn"}       NA                                      NA                                    ?                                     Linkage disequilibrium data                                                                                                          [@b16]
                                                 Sacremento-winter-run   S/C       20[j](#tf4-9){ref-type="table-fn"}   89(45--266)                              267[k](#tf4-10){ref-type="table-fn"}       NA                                      NA                                    0                                     Linkage disequilibrium data                                                                                                          [@b16]
                                                 Sacramento-winter-run   S/C                                            5--18                                    15--54[l](#tf4-11){ref-type="table-fn"}                                                                                                                        *N*~e~ based on demographic data                                                                                                     [@b134]
                                                 Sacramento-winter-run   S/C       7                                    18--32                                   54--95[m](#tf4-12){ref-type="table-fn"}    NA                                      NA                                    0                                     Genetic diversity of founder population for captive breeding                                                                         [@b136]
                                                 Cedar Creek             S/H                                            11                                       33[k](#tf4-10){ref-type="table-fn"}                                                                                      ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Cole (spring)           S/H                                            1151                                     3453[k](#tf4-10){ref-type="table-fn"}                                                                                    ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Cole (fall)             S/H                                            35                                       105[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Elk                     S/H                                            279                                      837[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Fall Creek              S/H                                            55                                       165[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Rock Creek              S/H                                            96                                       288[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Salmon Creek            S/H                                            80                                       240[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Trask (Spring)          S/H                                            139                                      417[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
                                                 Trask (Fall)            S/H                                            172                                      516[k](#tf4-10){ref-type="table-fn"}                                                                                     ?                                     Maximum *N*~b~ based on demographic data (1979--1984)                                                                                [@b316]
  Rainbow trout                                  Shasta                  S/H       7[j](#tf4-9){ref-type="table-fn"}    36(13--113)                              108[n](#tf4-13){ref-type="table-fn"}       NA                                      NA                                    8                                     Linkage disequilibrium data                                                                                                          [@b16]
  Lake trout                                     Lewis Lake              S/C       9                                    NA                                       NA                                         0.448                                   3.1                                   ?                                     Unequal sex ratios; mixed milt fertilizations                                                                                        [@b218]
                                                 Isle Royale             S/C       9                                    105 (40--307)                            630[o](#tf4-14){ref-type="table-fn"}       0.410                                   3.3                                   0                                     Genetic diversity of founder population for captive breeding                                                                         [@b218]
                                                 Apostle Islands         S/C       9                                    115 (45--322)                            690[o](#tf4-14){ref-type="table-fn"}       0.411                                   3.2                                   0                                     Genetic diversity of founder population for captive breeding                                                                         [@b218]
                                                 Green Lake              S/H       3                                    20 (8--41)                               120[o](#tf4-14){ref-type="table-fn"}       0.538                                   3.7                                   ?                                     Unequal sex ratios; mixed milt fertilizations                                                                                        [@b218]
                                                 Seneca                  S/H       3                                    48(18--124)                              288[o](#tf4-14){ref-type="table-fn"}       0.629                                   5.0                                   ?                                     Unequal sex ratios; mixed milt fertilizations                                                                                        [@b218]
  *Other species*                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Bream *Pagrus major*                           Japan                   S         4                                    NA                                       63.7                                       0.867                                   29.8                                  0                                     Genetic diversity of founder population for stock enhancement                                                                        [@b226]
  Iberian wolf (*Canus lupus signatus*)          Iberian Peninsula       C         13                                   NA                                       NA                                         0.460                                   4.6                                   2                                     Founded from 15 individuals 0.0% and 3.0% loss of *H*~e~ and *A* per generation, respectively                                        [@b235]
  Mallorcan midwife toad (*Alytes muletensis*)   Europe                  C         10                                   NA                                       NA                                         0.500[c](#tf4-3){ref-type="table-fn"}   3.0[c](#tf4-3){ref-type="table-fn"}   8                                     2.3% and 6.4% loss of *H*~e~ and *A* per generation, respectively Founded from 14 individuals                                        [@b169]

Where available, the rate of loss of genetic diversity per generation is noted. *L* = number of microsatellite DNA loci screened. Program type: S, supplementation; C, captive-breeding; H, harvest augmentation. F, farmed/aquaculture. *H*~e~, expected heterozygosity; *A*, mean numbers of alleles per locus (uncorrected across studies for sample size); *G*, number of generations in captivity; NA, not available.

Generations refer to the number of generations that had taken place in the hatchery at the time the study was conducted. Note, however, that programs within the same category (e.g., 'supplementation' or 'hatchery augmentation') may differ.

Estimates based on values of *N*~e~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 4-year generation time for Atlantic salmon.

Significant reduction in *H*~e~ or *A* in the captive broodstock relative to the wild population or initial founding captive generation.

Statistically significant decreases in heterozygosity were detected at two of seven loci.^e^Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), based on a 3.7 year generation time for inner Bay of Fundy Atlantic salmon ([@b51])

Based on a 4-year generation time in Atlantic salmon, and allelic frequency variance between an ancestral wild population and its farmed broodstock counterpart over a 24-year period.

Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 4-year generation time for Atlantic salmon.

Based on a 4-year generation time in Atlantic salmon.

Estimates based on values of *N*~e~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 3-year generation time for Chinook salmon.

Allozyme loci.

Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 3-year generation time for Chinook salmon.

Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 3-year generation time for Chinook salmon. The range provided is based on *N*~b~ from three different years (1991--1993; [@b134]).

Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 3-year generation time for Chinook salmon. The range provided is based on *N*~b~ from two different years (1994--1995; [@b134]).

Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 3-year generation time for rainbow trout.

Estimates based on values of *N*~b~, from the relationship *N*~e~ = 4*N*~b~ ([@b307]), assuming a 6- year generation time for lake trout ([@b218]).

Several points and caveats of the studies in [Table 4](#tbl4){ref-type="table"} are worth noting that might make generalities difficult with respect to what constitute typical *N*~b~ and *N*~e~ values in salmonid captive broodstocks. First, *N*~b~ and *N*~e~ estimates were derived from systems involving supplementation and/or captive breeding. In the case of supplementation programs, information was often lacking on whether broodstocks were being supplemented each generation with wild-caught individuals, or whether they were being entirely regenerated from previous generations of the captive broodstock (isolated from the wild). Second, it is uncertain in some cases whether a loss of genetic diversity might be attributable to low captive *N*~e~ or whether it was related to captive founder effects, because levels of genetic diversity in the captive broodstock were compared to those of the wild population and not to the initial founding captive broodstock. These differences may affect interpretations of the rate at which genetic diversity is lost over time in captive broodstocks. Third, details were lacking in many programs to assess what types of procedures were employed to minimize reductions in *N*~e~ in the hatchery, so the results may not always be directly applicable to current captive breeding programs ([Table 1](#tbl1){ref-type="table"}) adopting procedures in [Table 2](#tbl2){ref-type="table"}. Fourth, *N*~b~ and *N*~e~ were estimated from different methods, and in particular cases, some of the underlying assumptions of these methods were violated ([Table 4](#tbl4){ref-type="table"}). Similarly, *N*~b~ and *N*~e~ point estimates in some cases had fairly wide confidence intervals, and many had no confidence intervals at all ([Table 4](#tbl4){ref-type="table"}). [@b108] have recently found that many commonly used methods for estimating *N*~e~ do not always generate correlated *N*~e~ estimates in salmonids. Finally, conversions of *N*~b~ estimates to a generational *N*~e~ estimate assumed that each year\'s breeding population contributed equally to the next generation regardless of the number of breeders ([@b307], [@b312]). However, [@b313] showed that variability in *N*~b~ can substantially reduce generational *N*~e~, especially within semelparous salmonids, and this reduction in *N*~e~ is in addition to reductions in the ratio of *N*~b~/*N* in individual years.

Keeping these caveats in mind, it may not be overly surprising that point estimates of *N*~b~ and *N*~e~ for salmonid broodstocks vary considerably (*N*~b~: 5--133; *N*~e~ = 15--690, with the exception of two populations having estimates much larger than these ranges but where it is evident that the supplementation deviated from realistic *N*~b~*/N*~e~ for captive-breeding programs) ([Table 4](#tbl4){ref-type="table"}). Assuming that these estimates reflect true values, only crude generalities can be made regarding the capacity of salmonid captive breeding programs to conserve genetic diversity. For instance, across all populations of different species (*n* = 26), only eight broodstocks (31%) would fulfill [@b307] recommendation of *N*~b~ = 100 ([Table 4](#tbl4){ref-type="table"}). Additionally, of the 26 broodstocks, about 15 (58%) and 21 (81%) would also fulfill a minimum *N*~b~ = 50 and 24, respectively ([Table 4](#tbl4){ref-type="table"}). These results suggest that a considerable number of salmonid captive breeding programs might still lose a 'fair' proportion of their allelic diversity within 30--60 years of existence (≍8--15 generations; see above), perhaps unless several of the procedures in [Table 2](#tbl2){ref-type="table"} are instated which might subdue these losses. Interestingly, in only one captive population (Oulujoki) was a statistically significant reduction in heterozygosity and allelic richness detected ([Table 4](#tbl4){ref-type="table"}). However, this population had existed for 10 generations in captivity, and declines in genetic diversity over time that were not statistically significant could very well reflect (i) the fewer number of generations accumulated in these captive breeding programs, and/or (ii) a limitation in statistical power to detect significant changes in genetic diversity owing to insufficient sample sizes and/or the modest numbers of loci employed (see [@b183]). For example, in two of six captive populations where data on the rate of loss of genetic diversity per generation existed, a loss of 4.8--8.2% of allelic diversity per generation was estimated (Teno, Philip; [Table 4](#tbl4){ref-type="table"}).

Other considerations: captive-reared and wild population components
-------------------------------------------------------------------

The above discussion has dealt with cases where populations have become extirpated or nearly extirpated from the wild. In such cases most, if not all, remaining population members are involved in captive breeding. These are relevant cases to consider in the context of the capacity of captive breeding programs to conserve genetic diversity. Nevertheless, during the process towards successful reintroduction into the wild, at some point there will be both wild and captive-reared components to the population. Likewise, when a wild population is experiencing drastic declines and a decision is made to prevent its extinction by supplementing the wild population with captive-reared individuals, the population will comprise these same two components.

[@b256] modeled the potential increase or reduction in *N*~e~ (even if *N* of the population is increased), and thus the potential for the rate of loss of genetic diversity to be diminished or magnified, that might occur when captive-reared individuals are released into a wild population over a single generation. In particular, [@b256] focused on how captive releases might lead to a reduction in *N*~e~. In such a situation, the reproductive rate of the captive-component of the population is favored so the variance in family size increases in the population, thereby decreasing the ratio of *N*~e~/*N*. Among other things, the model assumed discrete generations, that captive-reared and wild fish had equal probabilities of breeding in the wild, and that the number of offspring produced by either wild or captive breeder components was distributed binomially. For salmonids, such assumptions are likely violated in many cases ([@b307]; [@b305]; see below). Nevertheless, the model made an important conclusion. For situations where the wild population was small, and thus, most likely to go extinct, supplementation with captive-reared fish could especially lead to a serious reduction of genetic diversity of the overall population through a reduction of *N*~e~ ([@b256]). This concern was also most prominent when only a few captive-reared individuals were used in attempts to recover populations ([@b256]).

On a positive note, however, in perhaps the only detailed salmonid captive breeding program to effectively apply the Ryman and Laikre method, supplementation does not appear to have reduced genetic diversity in a small, wild population, and it perhaps increased *N*~e~ ([@b134], [@b135],[@b136]). For instance, [@b136] found that supplementation of endangered, winter-run Chinook salmon led to apparent increases in the lower and upper bound of *N*~b~ of 16--81% and 2--11%, respectively, for two different run years. Estimation of *N*~b~ in this study made several assumptions; most notably that survival and return of released (captive-reared) individuals were random. Nevertheless, using genotypic pedigree information to examine the representation of different captive-reared families in returning breeders, [@b135] were able to show that the numbers of returning individuals were within 93.6% and 78.2% of expected values. The results implied that if *N*~b~ of the wild population had not been increased with a captive-rearing component, it had at least not been greatly reduced ([@b135],[@b136]). Importantly, this program attempted to equalize the contributions of captive breeders by breeding each male and female as evenly as possible and by releasing the captive offspring generated from different families as evenly as possible ([@b133]; [@b134], [@b135],[@b136]).

More recent models and simulations have evaluated under what conditions supplementing a wild population over multiple generations could be either beneficial or detrimental, in terms of increasing or reducing *N*~e~, and related effects such as the rate of inbreeding and genetic drift ([@b314]; [@b305]; [@b66]). Both [@b305] and [@b66] found that supplementation did not result in either substantial reductions in *N*~e~ or increases in inbreeding under certain conditions. For instance, in species where the variance in family size in the wild component was much larger than binomial variance (as may be common in salmonids, e.g., [@b133]), supplementation could be favorable for increasing *N*~e~, at least in the first generation ([@b305]). In some circumstances, family size variance in the captive component might even be manipulated (i.e., reduced) to offset high family size variance in the wild ([@b305]). In addition, [@b66] found that scenarios, where the rate of inbreeding with supplementation either remained stable or declined (relative to a control of no supplementation), were generally those involving a larger than smaller captive *N*. In fact, captive *N* was more important in determining the effect of supplementation on inbreeding than (i) the degree to which the captive component (or population) was 'refreshed' with breeders from the wild component, or (ii) the generational duration of supplementation ([@b66]).

Nevertheless, the outcomes generated by these models often changed considerably depending on the demographic scenario employed or the underlying assumptions. [@b305] found that supplementation could only increase *N* and *N*~e~ if the increase in *N* was substantial and continuous, in which case, elevated rates of inbreeding and genetic drift could ensue. The boost in *N*~e~ over multiple generations was in part due to the increase in *N* which compensated for the effects of the enlarged variance in the genetic contributions between individuals in the whole population that arose from initial supplementation ([@b305]). For the early stages of many captive breeding programs, however, such continual census size increase scenarios may be too optimistic ([@b314]; [@b66]). Similarly, this model did not explore how declining populations could affect genetic diversity outcomes ([@b305]), which is another realistic situation in which decisions to initiate captive breeding programs are based. Additionally, and particularly for smaller populations, initial supplementation in the first couple of generations could be detrimental to wild *N*~e~, given the negative demographic effect of sampling the wild population to generate a captive broodstock. Just to potentially overcome such an initial setback, captive rearing and successful supplementation (i.e., an increase in *N*) would have to be carried out over several more generations ([@b305]; [@b66]; see also [@b314]). Finally, neither [@b305] nor [@b66] examined how reduced reproductive success in captive-reared individuals (see below) could affect genetic diversity outcomes in supplemented populations.

Collectively, few generalizations can be currently made with respect to scenarios wherein both captive and wild components are involved in the (i) supplementation of a severely declining population or (ii) reintroduction of an extirpated one. The outcomes of supplementation are difficult to predict based on current modeling, empirical tests of the predictions of these models are very limited, and outcomes may be specific to particular captive breeding programs ([@b311]; [@b66]; [@b209]).

Summary
-------

While empirical and theoretical studies both suggest that most salmonid captive breeding programs can maintain genetic diversity over several captive generations, considerable uncertainty remains with respect to the capability of many programs to maintain genetic diversity over the longer-term. In part, this is because many of the procedures for maintaining captive *N*~e~ ([Table 2](#tbl2){ref-type="table"}) have only been implemented recently in most salmonid captive breeding programs, often after considerable time had passed since the programs were initiated. Thus, the apparent low *N*~e~ in some captive broodstocks might easily be avoided today through the use of such procedures. On the other hand, despite the plethora of procedures available to reduce the loss of genetic diversity in captivity through the maintenance of *N*~e~ ([Table 2](#tbl2){ref-type="table"}), few have been systematically evaluated for long-term effectiveness. In any event, the varying *N*~b~ and *N*~e~ estimates of different broodstocks in [Table 4](#tbl4){ref-type="table"} suggest that the capacity of captive breeding programs to maintain genetic diversity in endangered salmonids will likely be case-specific.

Although it is clearly important to maintain genetic diversity within captive-bred/reared populations, a main caveat of [Table 4](#tbl4){ref-type="table"} studies is that they are all based on neutral genetic diversity. Standing levels of neutral genetic diversity may not be a good correlate of quantitative genetic diversity ([@b236]), and the level of either can depend on many factors other than population size ([@b324]). Recent studies suggest that, on average, quantitative genetic variation may not be lost within small populations as rapidly as neutral genetic diversity, but that levels of quantitative genetic variation can be highly variable among small populations ([@b324]). Similarly, putatively neutral microsatellite loci are located in parts of the genome that are *not* subject to natural selection. As a result, allelic characteristics at these loci they may have little or no relationship to survival and fitness, and they tell us nothing about genetic changes at quantitative traits that might be occurring in the captive environment ([@b236]; [@b192]). Consequently, even if levels of neutral genetic diversity can be sufficiently maintained in captivity, caution must be exercised in interpreting such data for risk assessment and the ability of captive breeding programs to maintain fitness, a subject treated in detail in the next section.

Can captive breeding programs involving hatcheries conserve fitness within populations?
=======================================================================================

A lengthy, two-sided debate surrounds the use of harvest augmentation, supplementation and captive breeding programs to either increase salmonid harvest levels, give a demographic boost to declining, at-risk populations, or to recover endangered salmonid populations, respectively. The debate is especially contentious with respect to whether or not hatchery- or captive-rearing, in general, can maintain attributes other than genetic diversity, namely fitness.

A first predominant perspective argues that hatchery- or captive-rearing has negative impacts on the long-term persistence and fitness of wild salmonids. Under this view, hatchery- or captive-rearing leads to unavoidable genetic changes within hatchery-raised salmonids, chiefly through domestication selection ([Box 1](#bx1){ref-type="boxed-text"}). Domestication selection results in a fitness reduction when hatchery- or captive-reared fish are then introduced into the wild and breed with wild fish. Such domestication selection can be reduced ([Table 2](#tbl2){ref-type="table"}), but it cannot be eliminated entirely ([@b143]; [@b309], [@b311]; [@b88]; [@b39]; [@b57]; [@b267]; [@b240]; [@b89]; [@b99]). Theoretical work also suggests that domestication selection in the hatchery could have significant fitness consequences for a wild population in the case of supplementation programs, even if local, wild-born fish are used to generate hatchery fish each generation ([@b184]; [@b93]; [@b241]; [@b282]; [@b117]). A corollary to this perspective is that hatchery programs, particularly hatchery augmentation and supplementation programs which have been the main focus of the debate, generally fail in their objective of maintaining fitness and of contributing to the natural productivity of wild salmonid populations ([@b240]; [@b89]; [@b241]).

A second and alternative perspective argues that hatchery- or captive-rearing of salmonids can maintain fitness within populations and play an important role in the supplementation of declining or recovery of endangered salmonid populations ([@b32]). A corollary to this perspective is that the genetic risks associated with hatchery- or captive-rearing have been overstated. First, proponents of this view argue that, aside from theoretical studies on these genetic risks, the purported long-term effects of hatchery- or captive-rearing have little or no empirical basis ([@b146]; [@b243]; [@b32]). Second, in many cases, apparent effects on wild populations have not been differentiated from the effect of management decisions involving the misuse of the hatchery fish ([@b39]; [@b243]; [@b32]). Most notably, in many instances, hatchery fish from nonlocal rather than local source populations ([Box 1](#bx1){ref-type="boxed-text"}) were stocked into large geographic regions without consideration that they may not have been adapted to those areas ([@b32]).

To objectively evaluate the comparative strength of these divergent perspectives in the context of salmonid captive breeding programs, the evidence for each one must firstly be carefully sifted and presented (see [Appendix 1](#app1){ref-type="app"} for details of the literature search). Particularly relevant are hatchery- or captive-rearing programs where (i) wild-born broodstock (parents of hatchery fish) are collected from a local river each generation, large numbers of their offspring are raised under captive conditions for a period of time, then released into the *same* local river, and where (ii) the lifetime fitness performance of the returning hatchery-born adults (or their wild-born offspring) versus wild adults can be directly evaluated in the wild. Under these conditions, one can most legitimately address the likelihood that current captive breeding procedures involving hatcheries will conserve fitness within populations.

Laboratory studies
------------------

[Table 5](#tbl5){ref-type="table"} summarizes 30 laboratory studies that evaluated whether hatchery-rearing resulted in genetic changes in hatchery relative to wild salmonids. This list of studies by no means should be viewed as exhaustive as undoubtedly, some other studies have been inadvertently overlooked. The studies in [Table 5](#tbl5){ref-type="table"} were not carried out in the wild, so they only address the *potential* for genetic changes incurred from captive breeding to have negative impacts on the persistence and adaptability of wild salmonids. Additionally, many of these studies have been based on traditional supplementation practices (see [Table 1](#tbl1){ref-type="table"}; footnotes of [Table 5](#tbl5){ref-type="table"}) and not necessarily on current captive breeding program procedures.

###### 

Laboratory studies that have provided evidence for genetic changes or that found no evidence of genetic changes in phenotypic traits between hatchery-reared and wild populations of salmonid fishes.

  H origin                                Artificial selection?   Program   Hatchery gens.[a](#tf5-1){ref-type="table-fn"}   Species           Trait                         Change                                    Other comments and/or caveats                                                                                                                                         Reference
  --------------------------------------- ----------------------- --------- ------------------------------------------------ ----------------- ----------------------------- ----------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------
  Local                                   No                      S         1                                                Chinook salmon    Predator avoidance            H\<W                                      2.2% reduction in survival                                                                                                                                            [@b111]
  Local[b](#tf5-2){ref-type="table-fn"}   No                      S/H       4--7                                             Rainbow trout     Predator avoidance            H\<W                                      16.3--28.9% reduction in survival                                                                                                                                     [@b20]
  Local                                   No                      S/H       5                                                Brown trout       Antipredator response         H\<W                                                                                                                                                                                                            [@b80]
  Local                                   No                      S/H       \>5[c](#tf5-3){ref-type="table-fn"}              Brown trout       Antipredator response         H\<W                                                                                                                                                                                                            [@b154]
  Local                                   No                      S         1                                                Chinook salmon    Aggression                    0                                         Large number of comparisons (*n* = 97 to 276, depending on the type of competition)                                                                                   [@b224]
  Local                                   No                      S/H       \>5[c](#tf5-3){ref-type="table-fn"}              Brown trout       Aggression                    0                                         Large number of comparisons (*n* = 287)                                                                                                                               [@b154]
  Local[b](#tf5-2){ref-type="table-fn"}   No                      S/H       4--7                                             Rainbow trout     Aggression                    H\> \<W[d](#tf5-4){ref-type="table-fn"}                                                                                                                                                                         [@b21]
  Local                                   No                      S/H       \>5[c](#tf5-3){ref-type="table-fn"}              Brown trout       Juvenile growth rate          H\>W                                                                                                                                                                                                            [@b154]
  Local                                   No                      S         0                                                Rainbow trout     Length/weight                 H\>W                                      Not reared under common conditions                                                                                                                                    [@b166]
                                                                                                                                               Variance in length/weight     H\<W                                      Not reared under common conditions                                                                                                                                    
                                                                                                                                               Variance in age               H\<W                                      Not reared under common conditions                                                                                                                                    
  Local                                   No                      S         4--6[e](#tf5-5){ref-type="table-fn"}             Chinook salmon    Female egg size               H\<W                                      Egg size reduction in two populations with considerable supplementation (28--43%); no change in egg size in two other populations with low supplementation (4--16%)   [@b131]
                                                                                                                                                                                                                       Genetic effects were not disentangled from environmental effects on egg size                                                                                          (see [@b18]; [@b92])
  Local                                   No                      S         1                                                Brown trout       Juvenile growth rate          H\>W                                      Differences were small                                                                                                                                                [@b59]
  Local                                   No                      S/H       \<1[f](#tf5-6){ref-type="table-fn"}              Brown trout       Antipredator response         H\<W                                      Not reared under common conditions                                                                                                                                    [@b61]
  Local                                   No                      S/H       \>25[g](#tf5-7){ref-type="table-fn"}             Coho salmon       Aggression                    H\>W                                      Not reared under common conditions                                                                                                                                    [@b245]
  Local                                   Yes                     H         \>10[h](#tf5-8){ref-type="table-fn"}             Brook trout       Juvenile growth rate          H\>W                                      Hatchery fish were selected for growth                                                                                                                                [@b298]
  Local                                   Yes                     H         \>10[h](#tf5-8){ref-type="table-fn"}             Brook trout       Wariness                      H\<W                                      Hatchery fish were selected for growth                                                                                                                                [@b298]
  Local[i](#tf5-9){ref-type="table-fn"}   Yes                     F         5--7                                             Atlantic salmon   Antipredator response         H\<W                                      Hatchery fish were farmed                                                                                                                                             [@b155]
  Local                                   Yes                     F         1                                                Atlantic salmon   Body morphology               H≠W                                       Hatchery fish were farmed                                                                                                                                             [@b90]
  Nonlocal                                No                      S         4--5[j](#tf5-10){ref-type="table-fn"}            Coho salmon       Body morphology               H≠W                                       Hatchery fish: smaller heads, more streamlined bodies Different ancestral origin of hatchery fish                                                                     [@b277]
  Nonlocal                                No                      S         2--3[k](#tf5-11){ref-type="table-fn"}            Rainbow trout     Adult body size               H\>W                                      Inadvertent selection of larger body size                                                                                                                             [@b196]
  Nonlocal                                No                      S         2--3[k](#tf5-11){ref-type="table-fn"}            Rainbow trout     Adult run-timing              H≠W                                       Inadvertent selection of earlier-run timing females for fulfilling hatchery recruitment requirements                                                                  [@b196]
  Nonlocal                                No                      S         ?                                                Atlantic salmon   Juvenile growth rate          H\>W                                                                                                                                                                                                            [@b157]
  Nonlocal                                No                      S         4--5[j](#tf5-10){ref-type="table-fn"}            Coho salmon       Aggression                    H\>W                                                                                                                                                                                                            [@b276]
  Nonlocal                                No                      H         ?                                                Atlantic salmon   Aggression                    H\<W                                                                                                                                                                                                            [@b213]
  Nonlocal                                No                      H         ?                                                Brook trout       Aggression                    H\>W                                                                                                                                                                                                            [@b205]
  Nonlocal                                No                      S/H       1--2                                             Brown trout       Antipredator response         H\<W                                      Not reared under common conditions                                                                                                                                    [@b7]
  Nonlocal                                No                      S/H       1                                                Coho salmon       Male spawning performance     H\<W                                      Not reared under common conditions                                                                                                                                    [@b88]
  Nonlocal                                No                      S         ?                                                Chinook salmon    Male spawning performance     H\<W                                      Not reared under common conditions                                                                                                                                    [@b43]
  Nonlocal                                No                      S         ?                                                Chinook salmon    Female spawning performance   H\<W                                      Not reared under common conditions                                                                                                                                    [@b43]
  Nonlocal                                Yes                     F         5--7                                             Atlantic salmon   Male spawning performance     H\<W                                      Not reared under common conditions                                                                                                                                    [@b91]
  Nonlocal                                Yes                     S/H       \>5                                              Rainbow trout     Antipredator response         H\<W                                      Hatchery fish were selected for growth                                                                                                                                [@b153]
  Nonlocal                                Yes                     S         \>15[l](#tf5-12){ref-type="table-fn"}            Masu salmon       Antipredator response         H\<W                                      Chemically simulated predator attack                                                                                                                                  [@b332]
  Nonlocal                                Yes                     F         5--7                                             Atlantic salmon   Antipredator response         H\<W                                      Hatchery fish were farmed                                                                                                                                             [@b70]
  Nonlocal                                Yes                     F         5--7                                             Atlantic salmon   Antipredator response         H\<W                                      Hatchery fish were farmed                                                                                                                                             [@b87]
  Nonlocal                                Yes                     F         4--7                                             Atlantic salmon   Juvenile growth rate          H\>W                                      Hatchery fish were farmed                                                                                                                                             [@b190]
  Nonlocal                                Yes                     S         \>15[l](#tf5-12){ref-type="table-fn"}            Masu salmon       Juvenile growth rate          H\>W                                      Hatchery fish were selected for growth                                                                                                                                [@b332]
  Nonlocal                                Yes                     S         \>15[l](#tf5-12){ref-type="table-fn"}            Masu salmon       Aggression                    0                                         Hatchery fish were selected for growth                                                                                                                                [@b332]

Hatchery and wild populations were compared under common environmental conditions, unless otherwise noted. Statistical significance was based on *P* \< 0.05, unless otherwise noted.

Program type: S, supplementation; C, captive-breeding; H, harvest augmentation; F, farmed/aquaculture. H\<W, hatchery population showed reduced aggression/antipredator response/predator avoidance/growth rate/egg size etc. relative to the wild population; H\>W, hatchery population showed greater aggression/antipredator response/predator avoidance/growth rate/egg size etc. relative to the wild population; H≠W, hatchery population shifted in other traits from the wild population (details of the main shifts provided); 0, no change observed; ?, not presented or with insufficient detail.

Hatchery generations refer to the number of generations in which the hatchery program involving a local or nonlocal hatchery population had taken place at the time the study was conducted. Note, however, that the hatchery programs themselves might differ. In some cases, naturally-spawning adults are collected from the wild; their offspring are raised in hatcheries for a period of time and then released back into the wild. In other cases, particularly traditional hatchery programs, hatchery fish are regenerated from captive broodstock that were maintained solely in hatcheries. Particularly for older hatchery programs (i.e., more generations), details regarding whether the latter was involved were not always clear.

Hatchery population originated from a wild population that was very geographically close to the wild population used in comparisons. The authors acknowledge that the existence of genetically distinct subpopulations within the same drainage system might have been a confounding effect for their comparison of hatchery and wild steelhead ([@b20]; [@b21])

Based on a generation time of 3.8 years for anadromous brown trout.

Direction of change depended on age. Newly emergent fry: H\<W; 105 days postemergence: H\>W.

Based on a generation time of 3.0 years for Chinook salmon.

Not stated in the article how long hatchery fish have been generated for this river. However, in this study, the important aspect was the comparison between some fish born and reared in the hatchery and those that had wild exposure for the first 1+ year of life (see [@b61]).

Based on 100 years of hatchery propagation on the same wild population.

Based on a generation time of 3.0 years for brook trout.

Authors acknowledge that the farmed strain was derived principally from the same wild population where comparisons were being made.

Hatchery populations had been established for four to five generations for five of six hatchery populations, and two generations in one case.

Based on a generation time of 3.0 years for anadromous steelhead.

Based on a 2-year generation time for this masu salmon population ([@b332]).

Of the 30 studies comparing hatchery and wild fish in [Table 5](#tbl5){ref-type="table"}, only five compared hatchery fish derived from the same local population as the wild fish, and without confounding environmental and genetic differences or some degree of intentional artificial selection in the hatchery, which is not a typical element of captive breeding programs (see [Table 5](#tbl5){ref-type="table"} footnotes). Of these five studies, three compared traits in hatchery and wild salmonids after one generation of captive breeding ([@b59]; [@b111]; [@b224]). Despite ample statistical power, only small, albeit significant, genetic differences were detected in two of three studies. Most significantly was a 2.2% reduction in survival of first-generation hatchery Chinook salmon relative to wild fish when exposed to natural predators ([@b111]). In another study, trait differences that had been detected under hatchery conditions were not found when comparing hatchery and wild fish in the wild ([@b59]). The other two studies compared traits in hatchery and wild salmonids after four to six generations of captive rearing ([@b154]; [@b80]). Genetic differences were detected in three of four trait comparisons for juvenile growth rate and antipredator response. Finally, as expected, clear genetic differences between hatchery and wild fish were also detected when hatchery fish were nonlocal or had experienced intentional selection ([Table 5](#tbl5){ref-type="table"}).

Field studies
-------------

[Table 6](#tbl6){ref-type="table"} summarizes 20 studies that have *directly* evaluated the fitness performance of hatchery and wild salmonid fishes in the wild, with one additional study comparing fitness between fish with different degrees of captive-rearing ([@b41]), and another study comparing the fitness between wild fish of local and nonlocal origin ([@b191]). Again, this list of studies by no means should be viewed as exhaustive as undoubtedly, some other studies have been inadvertently overlooked. Likewise, many of these studies have been based on common supplementation practices rather than current captive breeding procedures (see [Table 1](#tbl1){ref-type="table"}; footnotes of [Table 6](#tbl6){ref-type="table"}).

###### 

Field studies within natural environments that have evaluated the fitness performance of hatchery and wild salmonid fishes

  H origin   Program   *G*                                    Species (Reference)               Performance comparison                                                                                                                                                                                                                         Major Result                                                                                                                                                                                Other comments or potential caveats
  ---------- --------- -------------------------------------- --------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Local      S         2[a](#tf6-1){ref-type="table-fn"}      Rainbow trout ([@b239])           Egg to smolt survival in four different study streams, for hatchery, wild and F1 hatchery-wild crosses                                                                                                                                         Wild crosses had significantly greater survival than hatchery fish in 2 of 4 streams (up to double the survival rate)[b](#tf6-2){ref-type="table-fn"}                                       Some downstream migrating fish escaped in high water conditions
                                                                                                                                                                                                                                                                                                                                               Hatchery-wild hybrids equaled or exceeded the survival and growth performance of wild fish in 2 of 4 streams                                                                                
  Local      S/H       \<1                                    Chinook salmon ([@b291])          Early life history to adult survival in hatchery fish released at 8--12 months of age, vs. wild fish                                                                                                                                           Lower survival rates in hatchery fish relative to their initial size advantage upon release                                                                                                 Based on hatchery rearing environment; not necessarily indicative of genetic change Hatchery fish were larger than wild fish when released into the wild
  Local      S/H       \<1                                    Coho salmon ([@b246])             Early life history to smolt survival in two streams between a test group of fish exposed to 3 months of hatchery rearing postemergence before release into streams and a test group of the same genetic source of fish released at emergence   No difference in survival between the hatchery and wild test groups                                                                                                                         Hatchery fish were 10% larger than wild fish when released into the wild
  Local      S         \<1                                    Brown trout ([@b26])              Age 1 to 2 survival in a stream between a test group of fish hatchery reared for one year before release and a test group of the same genetic source of fish released at emergence                                                             No difference in survival between the hatchery and wild test groups                                                                                                                         Hatchery fish were 20--40% larger than wild fish when released into the wild
  Local      S         7                                      Brown trout ([@b60])              Egg to smolt survival in an experimental stream                                                                                                                                                                                                No differences in survival, growth, condition and smolt age between hatchery and wild fish, despite genetic differences in life-history traits and behaviour under laboratory conditions    Each generation, hatchery fish were reared until 2 years of age and then released; only returning adult hatchery fish were used to produce the next generation Wild population was mainly composed of hatchery predecessors
  Local      S         20                                     Coho salmon ([@b94])              Offspring produced by hatchery and wild fish                                                                                                                                                                                                   No differences mean offspring numbers produced by hatchery or wild fish                                                                                                                     Wild population was mainly composed of hatchery predecessors
  Local      S         1                                      Brown trout ([@b59])              Age 1--2 survival and growth in a stream between hatchery fish, wild fish hand their F1 hybrids after hatchery rearing for one year under common conditions                                                                                    No differences in survival and growth and body morphology between hatchery and wild fish, or their hybrids                                                                                  Wild population composed of a large degree of hatchery ancestry ([@b219])
  Local      S         1                                      Rainbow trout ([@b9])             Lifetime performance between supplemental hatchery and wild fish and their F1 hybrids                                                                                                                                                          No significant differences in reproductive success between supplemental hatchery fish and wild fish                                                                                         Supplemental hatchery fish had wild-born parents, and were released into the wild as juveniles (1 year-old smolts)
                                                                                                                                                                                                                                                                                                                                               No significant differences in reproductive success between supplemental hatchery/wild hybrids and wild fish                                                                                 
  Local      S         2                                      Rainbow trout ([@b10])            Lifetime performance between supplemental hatchery-wild crosses and wild crosses with different histories of captive-rearing in the previous generation                                                                                        Reduced reproductive success in hatchery-wild fish relative to wild fish (60%)                                                                                                              All crosses had wild-born parents (but grandparents of the hatchery-wild fish had also experienced captive-rearing), and were released into the wild as juveniles (1 year-old smolts)
  Local      S         \<1[c](#tf6-3){ref-type="table-fn"}    Rainbow trout ([@b41])            Fry to smolt survival of fish raised in the hatchery to the fry stage from (i) parents raised in the hatchery to the fry stage (*H*~a~); (ii) parents raised in the hatchery to age 1 (*H*~b~)                                                 Reduced survival in *H*~b~ relative to *H*~a~ fish (64--75%)                                                                                                                                Potential for maternal effects to affect the performance of *H*~a~ versus *H*~b~ fish
  Nonlocal   S/H       4--6[d](#tf6-4){ref-type="table-fn"}   Coho salmon ([@b212])             Comparison of run-timing and reproductive success between hatchery and wild salmon in 15 streams                                                                                                                                               Hatchery fish produced fewer juveniles than wild fish in 15 streams Earlier return of adults to rivers in stocked streams                                                                   Nonlocal hatchery fish stocked at larger sizes than wild fish; stocking densities were higher than natural densities; hatchery population origin had earlier run-timing
  Nonlocal   S/H       8.6                                    Rainbow trout ([@b45]; [@b182])   Reproductive success between hatchery and wild adults                                                                                                                                                                                          Poorer reproductive success in hatchery relative to wild fish                                                                                                                               Hatchery fish were intentionally selected for earlier run-timing and larger size
  Nonlocal   S/H       ?                                      Rainbow trout ([@b44])            Relationship between wild population productivity and the proportion of hatchery fish in each of 12 mixed populations                                                                                                                          Negative relationship between population productivity (recruits per spawner) and the proportion of the population comprised of hatchery fish (12 hatchery/wild populations over 15 years)   Nonlocal hatchery fish predominantly, based on conventional stocking Not a causal relationship -- many hatchery programs were in areas where freshwater habitat was severely degradated
  Nonlocal   S         \>10[e](#tf6-5){ref-type="table-fn"}   Rainbow trout ([@b167]).          Lifetime performance between a nonlocal hatchery strain and wild fish                                                                                                                                                                          Reduced survival in hatchery fish relative to wild fish (33%)                                                                                                                               Not raised in common environments; hatchery fish raised to smolt stage in the hatchery
  Nonlocal   S         10[f](#tf6-6){ref-type="table-fn"}     Rainbow trout ([@b200])           Early life history to age 1+ survival between hatchery fish, wild fish[e](#tf6-5){ref-type="table-fn"}, and their F1 hybrids in four geographic proximate streams                                                                              Reduced survival in hatchery fish relative to wild fish (21%) in three of four streams over two sampling years                                                                              
  Nonlocal   S         \>10[e](#tf6-5){ref-type="table-fn"}   Rainbow trout ([@b9])             Lifetime performance between two traditional, nonlocal hatchery strains and wild fish                                                                                                                                                          Reduced reproductive success in both traditional hatchery strains relative to wild fish (6--11% and 31--45%, respectively, in different years                                               Traditional hatchery fish had hatchery-born parents, and were released into the wild as young juveniles or smolts
  Nonlocal   S         0                                      Atlantic salmon ([@b191])         Lifetime performance between nonlocal and local wild fish in the latter\'s home environment                                                                                                                                                    Reduced reproductive (lifetime) success in the nonlocal relative to local wild fish (35%)                                                                                                   Nonlocal/local wild fish raised under common environmental conditions from the eyed-embryo stage; potential for environmental maternal effects from different populations to affect offspring performance
  Nonlocal   F         5--7                                   Atlantic salmon ([@b91])          Lifetime performance between farmed and wild fish, and their F1 hybrids                                                                                                                                                                        Reduced survival in farmed fish (16% relative to wild fish)                                                                                                                                 Hatchery fish were farmed under intentional artificial selection
  Nonlocal   F         4--7                                   Atlantic salmon ([@b190])         Lifetime performance between farmed and wild fish, and their F1 and F2 generation hybrids                                                                                                                                                      Reduced survival in farmed fish (2% relative to wild fish); hybrids had lower survival relative to wild fish (27--89%)                                                                      Hatchery fish were farmed under intentional artificial selection
  Nonlocal   S         5[g](#tf6-7){ref-type="table-fn"}      Rainbow trout ([@b195])           Lifetime reproductive success between hatchery and wild females                                                                                                                                                                                Reduced reproductive success in hatchery females relative to wild females in two different years (4.4--7.0%)                                                                                
  Nonlocal   H         12.5                                   Brown trout ([@b121])             Lifetime reproductive success between hatchery and wild fish                                                                                                                                                                                   Reduced reproductive success of hatchery fish relative to wild fish (9.4%)                                                                                                                  Reproductive success inferred from assignment of wild-caught individuals to wild and hatchery components of the populations, and levels of hatchery stocking

*G*, number of hatchery generations as in [Table 5](#tbl5){ref-type="table"}. Program type: S, supplementation; C, captive-breeding; H, harvest augmentation; F, farmed/aquaculture.

Most hatchery fish used were no more than two generations, but there were no details in the study as to how many exceeded this.

Consistent survival differences were only found in two of four streams over multiple sampling periods.

Based on a generalized hatchery strain initiated in the late 1960s and a generation time of 3 years in rainbow trout ([@b200]).

Based on a 3.0-year generation time in coho salmon.

Details not provided in the paper, but was assumed based on the use of a generalized hatchery strain that was initiated in the 1950s ([@b9]).

Wild fish were naturalized trout that had been originally introduced from the Pacific Northwest into the Laurentian Great Lakes ([@b200]).

Details not provided in the paper, but was assumed based on the use of a generalized hatchery strain that was initiated at the earliest in the 1970s ([@b195]).

Of these 20 studies comparing hatchery and wild fish in [Table 6](#tbl6){ref-type="table"}, nine compared hatchery fish derived from the same local population as the wild fish. Of these nine studies, three detected survival differences between hatchery and wild fish ([@b239]; [@b291]; [@b10]). However, the lifetime performance of second generation hatchery and wild fish in [@b239] differed in only two of four stream comparisons (where hatchery fish survival was lower), and the [@b291] study was confounded by rearing hatchery fish for 8--12 months in captivity before release into the wild (from [@b32]; [Table 6](#tbl6){ref-type="table"}). In addition, all studies finding no survival differences must be considered with caution because (i) hatchery fish were larger than wild fish when released into the wild ([@b246]; [@b26]), (ii) hatchery fish comprised much of the 'wild' population for many generations before studies were undertaken ([@b60]; [@b94]), (iii) hatchery-wild performance comparisons were not carried out over the entire life cycle ([@b59]), or (iv) hatchery fish had temporarily different rearing environments than wild fish ([@b9]; discussed in detail below) ([Table 5](#tbl5){ref-type="table"}). On the other hand, unanimously, hatchery fish had inferior fitness when they were nonlocal or had been under intentional selection ([Table 6](#tbl6){ref-type="table"}).

To date, [@b9],[@b10]) are the only studies that have evaluated whether a supplementation program with some analogous features to many current captive breeding programs can provide a boost to the size of a wild population without fitness costs over one or two generations. Based on steelhead trout (*Oncorhynchus mykiss*), the program used wild-born broodstock (parents of hatchery fish) that were collected *each* generation and from which more numbers of offspring were raised in a hatchery for a period of time before being released into the *same* local river as 1-year old, juvenile smolts. The program also used DNA pedigree information to avoid kinship matings of hatchery-reared fish, and hatchery-reared individuals were released into the wild at 'normal' body sizes and dates conducive to survival, features that should reduce the genetic risks posed to wild populations from captive-rearing ([Table 2](#tbl2){ref-type="table"}).

For a single generation, [@b9] compared the reproductive success of returning, wild adults to that of local hatchery adults and of adults from a nonlocal ('traditional') hatchery strain raised under hatchery conditions for several generations. Consistent with what would be expected if captive breeding programs use local broodstock and minimize the time that individuals are kept in captivity, the authors found (i) no differences in reproductive success between local hatchery fish and wild fish, (ii) no differences in reproductive success between local hatchery-wild crosses and wild-wild crosses, but (iii) lower reproductive success in nonlocal hatchery fish relative to wild fish. The results were therefore encouraging because they suggested that short-term captive-rearing programs of one generation might be capable of generating fish with quasi-equal fitness to that of wild fish. Still, [@b9] acknowledged that despite having reasonable statistical power (80%), they might have failed in some cases to detect up to 10--15% lower reproductive success in local hatchery relative to wild fish. The study also could not rule out the possibility that initial differences in rearing environments between the local hatchery and wild fish affected the former\'s fitness performance in the wild ([@b10]).

[@b10] avoided this problem by comparing the reproductive success of captive-reared individuals with different histories of captive breeding in the previous generation. Specifically, they compared captive-reared wild × wild crosses with captive-reared hatchery × wild crosses (again, from the same population; egg-to-juvenile stage captive rearing). Each type of crosses shared the same generation in captivity under a common rearing environment, but the hatchery × wild crosses had half their genome from a captive-bred parent that had also experienced a generation of captive rearing. The two chief results of the study were as follows. First, the captive-reared hatchery × wild fish had only 55--60% of the wild fitness (reproductive success) of the captive-reared wild × wild fish ([@b10]). Second, relative to pure wild fish with no history of captive-rearing, and born and returning from sea in the same years (a replication of [@b9]), captive-reared wild × wild fish and hatchery × wild fish had only 60% and 31% of the fitness of pure wild fish ([@b10]).

The results of [@b10] suggested that a considerable degree of fitness may be lost within captive-bred populations after one or two generations of captive rearing. However, confidence intervals around point estimates of reproductive success were large in both [@b9],[@b10]. This might account for the conflicting conclusions regarding whether one generation of captive-rearing leads to or does not lead to a loss of fitness in the wild. In addition, there are nuances of the study\'s species/supplementation program that might have affected fitness estimates, or that make the study\'s results difficult to apply to other salmonids or other captive breeding programs (see below). First, steelhead trout often exhibit alternative reproductive ecotypes in the form of anadromous and nonanadromous ('resident') fish within the same river system (including the Araki study system). [@b8],[@b9] could only account for the fitness of anadromous individuals, but it was apparent that nonanadromous males were the fathers of many anadromous offspring. If anadromous, hatchery-reared fish generate a greater proportion of nonanadromous offspring than anadromous wild fish, or vice-versa, then the relative fitness of hatchery-reared anadromous fish relative to wild fish in these studies would have been underestimated or overestimated, respectively. Second, steelhead are often raised in hatcheries for a whole year to achieve a body size conducive to smoltifying which will increase survival chances in the wild ([@b11]). This period of time in the hatchery is greater than in other salmonids (e.g., Chinook, chum, and pink salmon), where smoltifying can occur either just after emergence or several months in freshwater, and so there may be more time for fitness effects to arise ([@b11]). Third, in many cases, hatchery- or captive-rearing programs for steelhead trout, and Chinook and coho salmon, accelerate growth rates and smoltification to achieve larger yearling smolts ([@b186]; [@b63]; [@b217]; [@b166]), but this may not apply to other species. Fourth, results from supplementation or captive breeding programs that raise juveniles to the smolt stage in salmonids (e.g., steelhead) might not be applicable to programs that involve adult or very early life-history stage releases, such as recently initiated Canadian live-gene banking programs for Atlantic salmon (see below).

A final informative study is that of [@b41], also on steelhead and based on fish derived from the same population and raised in the hatchery to the fry stage. The authors compared early life-history (fry stage)-to-smolt survival in the wild of fish derived from parents that had been raised in the hatchery to the fry stage (*H*~a~) versus fish derived from parents raised in the hatchery to age 1(*H*~b~). Fish with *H*~b~ parents had a 25--36% lower survival rate than fish with *H*~a~ parents ([@b41]). These results were consistent with the hypothesis that the duration of time in the hatchery environment may increase the opportunities for domestication selection and hence reduce the fitness of fish released into the wild. However, it was unclear to what degree maternal effects might have affected the survival of fry from the two groups. Namely, the study assumed that the extra year of hatchery-rearing in mothers of *H*~b~ fish had a negligible effect on their own offspring\'s survival relative to mothers of *H*~a~ fish ([@b41]).

Alternative mechanisms to domestication selection
-------------------------------------------------

More recent simulations have shown that the severe loss of fitness in captive-reared steelhead trout ([@b10]; [@b41]) could, in fact, be explained by domestication selection alone, although these simulations inevitably made a number of assumptions (discussed in [@b11]). Other mechanisms associated with the captive-breeding process (some already alluded to) might also contribute to fitness declines, but these await empirical testing or exploration in salmonids or other taxa.

First, manipulations during captive-rearing or breeding could elicit unusually high chromosomal abnormalities or epigenetic changes in salmonids, and thereby affect offspring fitness, ([@b215]; [@b11]). Epigenetic changes such as alterations to DNA or mutations that affect gene regulation have been recently shown to have considerable effects in mammals ([@b119]; [@b152]; [@b237]).

Second, deleterious mutations might accumulate in captive breeding programs that rear juvenile life-history stages because survival from egg to smolt stages in salmonids is typically 85--95% in hatcheries but only 1--5% in the wild ([@b242]). [@b11] have argued that mutation accumulation is an unlikely explanation, at least in the first few generations of captive breeding. For instance, typical rates of mutation, including in salmonids, are too low to generate large fitness effects over such short time-periods. Still, even though a procedure such as equalizing family sizes has genetic and fitness benefits (i.e., it halves the rate of inbreeding, genetic drift, and domestication selection), it does not prevent within-family selection ([@b250]). The procedure still has the potential to increase the likelihood that new mutations arising during the captive-breeding program will become fixed from domestication selection, in this case, because of a relaxation of natural selection in the captive environment ([@b35]; [@b250]). Nevertheless, the only empirical treatment of this topic involving fruitflies suggests that this may not be a great concern, even for large captive populations and long periods of captivity ([@b250]).

Third, maternal effects are common in early life history traits of salmonids ([@b71]; [@b130]; [@b227]). These effects might influence the fitness of captive-reared fish if their mothers had experienced a period of time in the hatchery, as environmental variation in the captive environment (relative to the natural environment) may elicit plastic changes in reproductive investment. For instance, female salmonids raised in hatcheries tend to exhibit smaller egg sizes than wild females that are not necessarily genetically based ([@b156]; [@b92]), and depending on environmental conditions, smaller salmonid offspring generated from smaller eggs may have reduced fitness ([@b71], [@b72]).

Finally, prevention of free mate choice for adults during captive-breeding might reduce the fitness of captive-reared offspring ([@b22]). This may specifically inhibit sexual selection and the benefits gained from mating with differentiated partners in genes associated with improved immune responses \[e.g. major histocompatibility (MHC) genes\]. Indeed, in several salmonids, it appears that males and females seek out partners with maximal or at least intermediate MHC dissimilarity ([@b177]; [@b95]).

Other qualifications with applying current knowledge to 'current' captive breeding programs
-------------------------------------------------------------------------------------------

Although currently lacking critical empirical assessment in any salmonid (or to my knowledge any other organism besides fruitflies), captive breeding programs adopting many recent procedures (see details in [Table 2](#tbl2){ref-type="table"}) might reduce the severity of domestication selection or captive generations in a number of ways that could mitigate fitness reductions in captivity. These procedures may be especially invaluable to programs dealing with the last remaining wild founders from a population that has become extirpated from the wild, given that some domestication selection in capacity is likely unavoidable in such cases.

For instance, Atlantic salmon live-gene banking programs recently initiated in eastern Canada have individuals raised mainly or solely in the wild up to the end of juvenile stages, with the captive phase being the marine (subadult-adult) stage of the lifecycle because salmon are unable to survive in the wild at this stage for currently unknown reasons ([@b215]). In salmonids, wild exposure at the juvenile stages may be especially effective at reducing domestication selection, because this is a stage when mortality in the wild is especially high ([@b311]; [@b233]).

These same programs also equalize family sizes in captivity and at the time of release into the wild ([@b215]). Theoretical and empirical studies ([@b160]; [@b1], [@b2]; [@b100]; [@b3]) support that this procedure alone should halve domestication selection. However, the only empirical study conducted to date (on fruitflies) did not find that the procedure minimized the loss of fitness upon the return of populations into the wild ([@b100]). Additionally, an inherent trade-off exists in subsequently equalizing family size following a period of exposure to the wild environment. While this may increase levels of neutral genetic diversity in the successive captive broodstock, it may negate the fitness benefits accrued to the population from having natural selection disproportionately favour some families more than others during the period of wild exposure ([Box 2](#bx2){ref-type="boxed-text"}). Such a trade-off is perhaps one of the most perplexing issues facing captive breeding programs that attempt to conserve both genetic diversity and fitness, given that conserving each has its merits ([Box 2](#bx2){ref-type="boxed-text"}).

###### Box 2. Trade-offs between conserving genetic diversity and fitness: equalize family sizes following wild exposure?

Owing to its potential advantages for reducing domestication selection in captivity, there is growing interest in having captive-bred individuals exposed to the wild for at least some portion of the lifecycle (e.g., [@b132]; [@b215]). However, following a period of wild exposure, an unavoidable trade-off exists between retaining genetic diversity and fitness when generating the new captive broodstock. Casual arguments for conserving genetic diversity versus fitness might proceed as follows, and striking a balance between them may very well depend on the specific case:

'Genetic diversity': equalization of family sizes following wild exposure is essential to maximize the retention of genetic diversity when generating the new captive broodstock.

'Fitness': but equalizing family sizes following wild exposure would reduce (in theory, halve) the fitness benefits accrued in the wild if some family genotypes are disproportionately favored over others by natural selection. It is individuals from these better-surviving families that should be used disproportionately to generate the new captive broodstock.

'Genetic diversity': but this assumes that the families with higher survival at the life-history stage exposed to the wild (e.g., juvenile) would also have higher survival at other stages (e.g., adult). One cannot rule out that inter-family survival varies at different life history stages. Additionally, even with equalizing family sizes after wild exposure, the benefits of exposing genotypes within families to natural selection would still be gained. Furthermore, the disproportionate use of individuals from better-surviving families for generating the new broodstock would result in an irreversible loss of genetic diversity. Some families would be under-represented and others potentially not represented at all. Such diversity may be important for the population to respond to future environmental change.

'Fitness': perhaps, but there is uncertainty in what the future environmental conditions might be for the reintroduced captive population. Disproportionately using individuals from families with a greater fitness performance is most in line with what existing conditions in the wild can support. This practice should improve the likelihood that the reintroduced population will become self-sustaining.

'Genetic diversity': perhaps, but there may be temporal variability in selective pressures within the wild environment. Captive-bred families favored by natural selection in the wild this year or the next might not be those favored several years or a decade down the road.

Cryopreserved sperm obtained from males in the founder or early generations of captivity could also be used to fertilize female eggs in subsequent generations ([@b268]; discussed in detail below). This practice could mitigate the loss of fitness in captivity due to domestication selection or the relaxation of natural selection in captivity, by minimizing captive generations before reintroduction in the wild. The technique has been initiated in recently commenced live-gene banking programs of Atlantic salmon in Norway and Canada ([@b215]), but like any tool, it has disadvantages that merit consideration as well (discussed below).

Allowing captive-reared adults, or adults that have had some degree of captive-rearing, to also breed in the wild and thus have free mate choice, may generate offspring that have benefitted from sexual selection and whose parents have had exposure to natural breeding conditions and breeding grounds ([@b22]; [@b215]). One potential constraint of the procedure is that it requires the capture of some offspring from the wild to produce the next captive generation, and this may be resource/labour intensive. The procedure is currently being attempted as part of some Pacific salmon captive breeding programs ([@b22]) and Atlantic salmon live-gene banking programs in eastern Canada (P. O\'Reilly, DFO, Halifax, Canada, personal communication).

Increasingly, hatchery-rearing procedures or environments are also being modified to more closely resemble the natural environment. Modifications include reduced juvenile densities, overhead or submerged cover, naturally coloured substrate, antipredator behavior conditioning, subsurface rather than overhead feeding, and even net-pen rearing in natural environments ([@b188], [@b189]; [@b132]; [@b238]). [@b238] pointed out that the effects of seminatural environments on potentially reducing domestication selection have not been empirically tested in salmonids, and he discussed two potential approaches for assessing this.

Summary
-------

Considerable uncertainty remains with respect to the short- and long-term fitness effects of captive breeding in salmonids, despite the numerous laboratory and field studies conducted to date on the performance of hatchery-reared and wild salmonids. Most of these studies are not relevant to the question of whether captive breeding programs adopting current procedures ([Table 2](#tbl2){ref-type="table"}) can recover endangered populations and conserve fitness: they either used nonlocal hatchery strains in comparisons with wild fish or hatchery strains that had undergone artificial selection, their experimental design could have affected the performance of hatchery fish, and/or they did not truly examine the outcomes of current captive breeding procedures.

The most relevant studies to date also appear to have had limited statistical power to make general conclusions regarding whether or not one generation of captive-rearing can reduce fitness in the wild ([@b9],[@b10]). Caveats aside, the studies of [@b10] and [@b41] do raise concerns that captive breeding has at least the potential to substantially reduce fitness within wild populations after only 1 year (i.e., within a single generation) to up to two generations of captive-rearing, at one or more life-history stages. Furthermore, as discussed by [@b125] and [@b311], the power of even the most ambitious monitoring programs to statistically detect a captive-breeding effect on phenotypic and life history traits is likely very low because natural variability in the same traits is very high. This means that the effects of captive-breeding might only be detected long after considerable harm to wild fish has occurred ([@b311]). On the other hand, for several reasons, the rate to which fitness was lost in [@b10] (10--40%, generation one; another 40%, generation two) might not be a general phenomenon in other salmonid populations or species, or in captive-breeding programs such as live-gene banking (see below). As a result, clearer resolution of the magnitude of potential fitness effects of captive-breeding/rearing awaits further study.

Interestingly, fitness reductions in hatchery-reared salmonids detected in laboratory studies were not as strong as the Araki study (2.2--29%, over one to four generations of hatchery-rearing: [@b111]; [@b20]; see [Table 5](#tbl4){ref-type="table"} for caveats). This provides a cautionary note that laboratory studies, especially those not considering correlational selection between traits by evaluating only one or a few traits separately, likely underestimate the degree to which fitness is reduced in the wild from the captive-breeding/rearing process (e.g., [@b125], [@b126]; [@b163]).

Studies involving nonlocal hatchery fish also suggest that fitness reductions will become elevated with increasing generations of manipulation or rearing in the captive environment (see also [@b11]; [@b41]). Indeed, many of the poorest performances of hatchery fish relative to wild fish involved nonlocal hatchery strains that had been in captivity for greater than five generations or that had undergone intentional artificial selection (e.g., [@b190]; [@b195]; [@b200]; [@b9]; [Table 6](#tbl6){ref-type="table"}).

Finally, a major issue meriting further debate and study pertains to the trade-offs between maintaining genetic diversity and fitness of captive broodstocks ([Box 2](#bx2){ref-type="boxed-text"}; see also the section below on whether to use single versus multiple facilities to conserve genetic diversity and fitness). For instance, there are clear fitness benefits to exposing individuals to existing conditions in the wild for some period of their lifecycle. There are also clear benefits to equalizing family sizes after a period of wild exposure to maintain neutral genetic diversity. Yet, this may also reduce the fitness benefits that were accrued during the period of wild exposure.

Can captive-reared lines be reintroduced successfully as self-sustaining populations if/when the threats are removed?
=====================================================================================================================

Reintroduction attempts of a variety of captive-reared endangered species or populations into the wild have historically had mixed success ([@b118]; [@b328], [@b329]; [@b81]; [@b99]). [@b328] found that 53% of avian and mammalian reintroductions were successful in leading to apparently self-sustaining populations ([Box 3](#bx3){ref-type="boxed-text"}), whereas another global review of 145 reintroduction programs of captive-bred animals, mainly vertebrates, found only 16 cases (11%) of successfully established wild populations ([@b19]). However, owing to the earlier dates in which a considerable portion of the studies within these reviews were conducted, many of these reintroduction attempts might have failed because the reintroduction programs did not account for all the prerequisites for success identified in later documentation, such as mitigating the factors originally leading to extirpation, behavioural deficiencies of the released animals, or improper release dates (e.g., [@b150]; acknowledged in [@b19]; [@b267]; [@b328]). Additionally, it has only been widely recognized more recently that domestication selection may affect reintroduction success ([@b101]; [@b99]). Thus, many historical captive breeding programs probably did not adopt procedures to reduce domestication selection or the loss of genetic diversity in captivity (see [Table 2](#tbl2){ref-type="table"}).

###### Box 3. When is a reintroduction 'successful'?

[@b264] summarized a variety of definitions that have been considered regarding what constitutes a successful reintroduction. The definitions put forth have included (i) breeding by the first-wild born generation, (ii) a breeding population with recruitment exceeding adult death rates for 3 years, (iii) an unsupported wild population of a minimum of 500 individuals, (iv) establishment of a self-sustaining population ([@b118]; [@b19]; [@b261]). Evidently, the applicability of any one criterion might be limited depending on the life history characteristics of the species targeted for reintroduction ([@b264]).

For the purposes of this review, I consider a salmonid reintroduction to be successful if it leads to the establishment of a self-sustaining population in the native species' range. I define a self-sustaining population as a population that persists for multiple generations in the absence of *any* human intervention, such as supplementation, artificial habitat enhancement or any degree of captive breeding or genetic modification. In many ways, this definition is most in line with one of the ultimate goals of captive-breeding programs; that is, to re-establish a species in an area which was once part of its historical range ([@b150]). The definition is also formulated with the hope that self sustainability will represent the long-term persistence of the reintroduced species, but does not assume that self sustainability is equated with long-term persistence. For instance, a salmonid population could be reintroduced as a self-sustaining population for several generations, but then a new threat might render it no longer viable (e.g., climate change, introduced pathogens).

Bearing these caveats in mind, I reviewed cases where reintroductions of salmonids have been attempted and whether these were successful in generating self-sustaining populations if/when the threats imposed on them were removed ([Box 3](#bx3){ref-type="boxed-text"}; see also [Appendix 1](#app1){ref-type="app"}). I also considered this issue from four additional contexts. First, was there any evidence that hatchery-reared fish in supplementation programs provided net long-term benefits to wild salmonid populations? These programs differ somewhat from reintroducing captive-reared salmonids into formerly occupied habitats, but they provide another context for assessing the potential for captive-reared lines to translate into self-sustaining populations. Second, do general patterns of successful/unsuccessful transplants of salmonids within and outside of their native ranges shed light on *why* reintroductions of endangered salmonids *within* their species' ranges might succeed or fail? Third, how can one improve the chances of successful reintroduction if the wild environment has changed by the time the captive population can be reintroduced? Fourth, was there any indication that particular salmonid species or life-history types may be more difficult to reintroduce successfully?

Summary of salmonid reintroductions in native ranges using hatchery- or captive-reared fish
-------------------------------------------------------------------------------------------

[Table 7](#tbl7){ref-type="table"} summarizes cases in which hatchery-or captive-reared salmonids have been used to reintroduce extirpated or 'near-extirpated' populations into previously occupied habitats, the vast majority of which were anadromous or with other complex life-histories (e.g., lake migratory). This list of studies by no means should be viewed as exhaustive as undoubtedly, some other systems have been inadvertently overlooked. There is a species bias, with Atlantic and Chinook salmon representing 18 of 31 of the 'population systems'. In 16 of 31 population systems, captive-breeding programs are too recent to assess whether they will ultimately be successful or not in translating into self-sustaining populations. In six of the remaining 15 systems, reintroductions have been unsuccessful at generating self-sustaining populations. Reintroduction failures have occurred even after 30 years of reintroduction attempts in some cases ([Table 7](#tbl7){ref-type="table"}). Reintroduction failure over this timeframe might not be too surprising given that many historical programs probably did not adopt procedures that are implemented in current captive breeding programs ([Table 2](#tbl2){ref-type="table"}). However, the list of reintroduction failures also includes two captive breeding programs that incorporate many of these procedures (e.g., Atlantic salmon in Maine; winter-run Chinook salmon, California). Importantly, not all of the obvious factors that were likely contributing to reintroduction failure had been removed in any of these six systems, regardless of whether current captive breeding procedures had or had not been adopted. While these factors were often multifaceted, it is noteworthy that environmental changes to habitat were implicated in all six systems with unsuccessful reintroductions ([Table 7](#tbl7){ref-type="table"}).

###### 

Characteristics of salmonid reintroductions involving hatchery- or captive-reared fish.

  Species and population/region                                                   Life-history type          Population status   Self-sustaining population?            Years of restoration/ reintroduction efforts   Factors involved or reputed to being involved in reintroduction successes or failures                                                                                                                References
  ------------------------------------------------------------------------------- -------------------------- ------------------- -------------------------------------- ---------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------
  Atlantic salmon -- Lake Ontario (Canada/USA)                                    Lake migratory             Extirpated          No                                     30--50                                         Environmental changes in juvenile and adult habitats                                                                                                                                                 [@b193]; [@b262],[@b263]); [@b50]
                                                                                                                                                                                                                       Competition with nonindigenous salmonids                                                                                                                                                             
                                                                                                                                                                                                                       Inadequate knowledge of a proper source population for reintroduction                                                                                                                                
  Atlantic salmon -- Inner Bay of Fundy (Nova Scotia, New Brunswick, Canada)      Anadromous                 Near-extirpated     ?[b](#tf7-2){ref-type="table-fn"}      6--10[a](#tf7-1){ref-type="table-fn"}          Environmental changes in juvenile and adult habitats                                                                                                                                                 [@b51]; [@b46]; [@b215] P. O\'Reilly, personal communication; [@b109]
                                                                                                                                                                                                                       Interactions with farmed salmon                                                                                                                                                                      
                                                                                                                                                                                                                       Loss of immigration for persistence from larger surrounding populations                                                                                                                              
                                                                                  Anadromous                 Near-extirpated     ?                                      9--10[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2001-                                                                                                                                                             
   Stewiacke                                                                      Anadromous                 Near-extirpated     ?                                      9--10[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2001-                                                                                                                                                             
   Big Salmon                                                                     Anadromous                 Extirpated          ?                                      7--9[a](#tf7-1){ref-type="table-fn"}           Reintroduction attempts started in 2005-                                                                                                                                                             
   Great Village                                                                  Anadromous                 Extirpated          ?                                      8[a](#tf7-1){ref-type="table-fn"}              Reintroduction attempts started in 2005-                                                                                                                                                             
   Economy                                                                        Anadromous                 Near-extirpated     ?                                      8[a](#tf7-1){ref-type="table-fn"}              Reintroduction attempts started in 2002-                                                                                                                                                             
   Gaspereau                                                                      Anadromous                 Near-extirpated     ?                                      6--7                                           Live gene banking started in 2002-                                                                                                                                                                   
   Upper Salmon Pointe Wolfe                                                      Anadromous                 Extirpated          Yes                                    1                                              Reintroduction in 1984 following dam removal                                                                                                                                                         [@b109]
                                                                                                                                                                                                                       Natural straying from nearby, healthy populations                                                                                                                                                    
  Atlantic salmon -- Outer Bay of Fundy (New Brunswick, Canada)                   Anadromous                 Near-extirpated     ?                                      1--3                                           Environmental changes in adult habitats Lack of behavioural training Interactions with farmed salmon                                                                                                 [@b42]
  Atlantic salmon -- Maine (USA) (eight populations)                              Anadromous                 Extirpated          No[c](#tf7-3){ref-type="table-fn"}     \>20[a](#tf7-1){ref-type="table-fn"}           Environmental changes in juvenile and adult habitats                                                                                                                                                 [@b17]; [@b292]
                                                                                                                                                                                                                       Interactions with farmed salmon Dams                                                                                                                                                                 
  Atlantic salmon -- Connecticut R. (New England, USA)                            Anadromous                 Extirpated          Yes[d](#tf7-4){ref-type="table-fn"}    30^a,d^                                        Hydroelectric dams                                                                                                                                                                                   [@b272]; [@b318]
  Atlantic salmon -- Thames R. (UK)                                               Anadromous                 Extirpated          Yes[e](#tf7-5){ref-type="table-fn"}    28[e](#tf7-5){ref-type="table-fn"}             Pollution, shipping locks                                                                                                                                                                            [@b288], [@b289], [@b290]
  Atlantic salmon -- Rhine R. (France, Germany)                                   Anadromous                 Extirpated          No[f](#tf7-6){ref-type="table-fn"}     \>15                                           Environmental changes to juvenile habitats                                                                                                                                                           [@b115]
                                                                                                                                                                                                                       Hydroelectric dams, pollution                                                                                                                                                                        
  Atlantic salmon -- Meuse R. (Belgium, France, Netherlands)                      Anadromous                 Extirpated          No[g](#tf7-7){ref-type="table-fn"}     \>11                                           Hydroelectric dams                                                                                                                                                                                   [@b232]
  Atlantic salmon -- Norway                                                       Anadromous                 Extirpated          Yes[h](#tf7-8){ref-type="table-fn"}    3--12                                          Artificial liming of rivers to reduce acidification from acid rain                                                                                                                                   [@b141]
  Atlantic salmon -- (Eidfjord, Norway)                                           Anadromous                 Near-extirpated     ?                                      5--17[a](#tf7-1){ref-type="table-fn"}          Introduced pathogen, *Gyrodactylus salaris*                                                                                                                                                          [@b113]; data from [@b215]
   Bejarelva                                                                      Anadromous                 Near-extirpated     ?                                      14--17[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1998--2001                                                                                                                                                        
   Ranaelva                                                                       Anadromous                 Near-extirpated     ?                                      6--16[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2005--2010                                                                                                                                                        
   Rossaga                                                                        Anadromous                 Near-extirpated     ?                                      5--16[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2005--2010                                                                                                                                                        
   Fusta                                                                          Anadromous                 Near-extirpated     ?                                      12--14[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 2010--2015                                                                                                                                                        
   Vefsna                                                                         Anadromous                 Near-extirpated     ?                                      10--14[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 2010--2015                                                                                                                                                        
  Atlantic salmon -- (Haukvik, Norway)                                            Anadromous                 Near-extirpated     ?                                      4--19[a](#tf7-1){ref-type="table-fn"}          Introduced pathogen, *Gyrodactylus salaris*                                                                                                                                                          [@b113]; data from [@b215]
   Skibutnelva                                                                    Anadromous                 Near-extirpated     ?                                      4--13[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts - unknown                                                                                                                                                                    
   Namsen                                                                         Anadromous                 Near-extirpated     ?                                      13--18[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts - unknown                                                                                                                                                                    
   Figga                                                                          Anadromous                 Near-extirpated     ?                                      16--18[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 2003--2012                                                                                                                                                        
   Steinkjerelva                                                                  Anadromous                 Near-extirpated     ?                                      10--19[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 2003--2008                                                                                                                                                        
   Ogna                                                                           Anadromous                 Near-extirpated     ?                                      9--19[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2003--2008                                                                                                                                                        
   Batnfjordselva                                                                 Anadromous                 Near-extirpated     ?                                      9--19[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 1995--2001                                                                                                                                                        
   Driva                                                                          Anadromous                 Near-extirpated     ?                                      16--18[a](#tf7-1){ref-type="table-fn"}                                                                                                                                                                                                              
   Mana                                                                           Anadromous                 Near-extirpated     ?                                      16--18[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1995--2004                                                                                                                                                        
   Innfjordelva                                                                   Anadromous                 Near-extirpated     ?                                      7--15[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2007--2011                                                                                                                                                        
   Rauma                                                                          Anadromous                 Near-extirpated     ?                                      15--19[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 2007--2011                                                                                                                                                        
   Aurelva                                                                        Anadromous                 Near-extirpated     ?                                      18[a](#tf7-1){ref-type="table-fn"}             Reintroduction attempts started in 1995--1998                                                                                                                                                        
   Eidsdalselva                                                                   Anadromous                 Near-extirpated     ?                                      16--19[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1995--2004                                                                                                                                                        
   Norddalselva                                                                   Anadromous                 Near-extirpated     ?                                      15--17[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1996--2004                                                                                                                                                        
   Valdalselv                                                                     Anadromous                 Near-extirpated     ?                                      16--19[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1995--2004                                                                                                                                                        
  Atlantic salmon -- (Bjerka, Norway)                                             Anadromous                 Near-extirpated     ?                                      11--16[a](#tf7-1){ref-type="table-fn"}         Introduced pathogen, *Gyrodactylus salaris*                                                                                                                                                          [@b113]; data from [@b215]
                                                                                                                                                                                                                       Hydroelectric dams, acidification, sea lice, interactions with farmed salmon                                                                                                                         
   Jolstra                                                                        Anadromous                 Near-extirpated     ?                                      11--16[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1999-                                                                                                                                                             
   Flekke/Guddal                                                                  Anadromous                 Near-extirpated     ?                                      9--14[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2002-                                                                                                                                                             
   Laerdalselva                                                                   Anadromous                 Near-extirpated     ?                                      4--16[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2006--2010                                                                                                                                                        
   Aroyelva                                                                       Anadromous                 Near-extirpated     ?                                      4--16[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 1998-                                                                                                                                                             
   Ekso                                                                           Anadromous                 Near-extirpated     ?                                      4--14[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2000-                                                                                                                                                             
   Vosso                                                                          Anadromous                 Near-extirpated     ?                                      7--17[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 1999-                                                                                                                                                             
   Loneelva                                                                       Anadromous                 Near-extirpated     ?                                      10--17[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1999--2004                                                                                                                                                        
   Oselva                                                                         Anadromous                 Near-extirpated     ?                                      13--16[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 2001--2002                                                                                                                                                        
   Eidfjordvassdraget                                                             Anadromous                 Near-extirpated     ?                                      4--14[a](#tf7-1){ref-type="table-fn"}          Reintroduction attempts started in 2002-                                                                                                                                                             
   Etneelva                                                                       Anadromous                 Near-extirpated     ?                                      12--17[a](#tf7-1){ref-type="table-fn"}         Reintroduction attempts started in 1999-                                                                                                                                                             
  Coaster brook trout, *Salvelinus fontinalis*, Upper Great Lakes (Canada, USA)   Lake migratory             Near-extirpated     ?                                      5--10                                          Habitat degradation, overexploitation, competition with nonindigenous salmonids                                                                                                                      [@b299]
  Aurora trout, *Salvelinus fontinalis timagamiensis*-- (Ontario, Canada)         Nonanadromous              Extirpated          Yes                                    \>30                                           Reduced acidification in lakes from previously high levels of acid rain                                                                                                                              [@b47]
  Lake trout, *Salvelinus namaycush,* Upper Great Lakes (Canada/USA)              Nonanadromous              Extirpated          No                                     \>30                                           Environmental changes to spawning and nursery habitat Invasive sea lamprey predation                                                                                                                 [@b170]; [@b218]; [@b33]
                                                                                                                                                                                                                                                                                                                                                                                                                            
  Coho salmon -- Yakima R. (WA, USA)                                              Anadromous                 Near-extirpated     Yes[i](#tf7-9){ref-type="table-fn"}    10--20                                         Habitat restoration Improved adult feeding area conditions Harvest rate reductions                                                                                                                   [@b29]
  Coho salmon -- Scott Cr. (CA, USA)                                              Anadromous                 Near-extirpated     ?                                      \>5                                            ?                                                                                                                                                                                                    [@b22]
  Chinook salmon -- winter-run, Sacremento R. (CA, USA)                           Anadromous                 Near-Extirpated     No[j](#tf7-10){ref-type="table-fn"}    \>16[a](#tf7-1){ref-type="table-fn"}           Environmental changes to juvenile and estuarine habitats Interactions with nonnative species                                                                                                         [@b333]; [@b134], [@b135],[@b136]); [@b34]
                                                                                                                                                                                                                                                                                                                                                                                                                            
  Chinook salmon -- spring-run, Clearwater River (ID, USA)                        Anadromous                 Extirpated          Yes[k](#tf7-11){ref-type="table-fn"}   ?                                              Dam removal                                                                                                                                                                                          [@b147]
  Chinook salmon -- spring-run, Umatilla River (OR, USA)                          Anadromous                 Extirpated          ?                                      20[l](#tf7-12){ref-type="table-fn"}            Environmental changes to juvenile and spawning habitats                                                                                                                                              [@b252]; discussed in [@b315]
  Chinook salmon -- Grand Ronde River, Snake River basin (OR, USA)                Anadromous                 Near-extirpated     ?                                      \>10                                           Environmental changes to juvenile and spawning habitats; hydroelectric dams                                                                                                                          [@b22]
  Chinook salmon -- Salmon River, Snake River basin (ID, USA)                     Anadromous                 Near-extirpated     ?                                      \>10                                           Environmental changes to juvenile and spawning habitats; hydroelectric dams                                                                                                                          [@b22]
  Chinook salmon -- Tucannon River, Columbia River basin (WA, USA)                Anadromous                 Near-extirpated     ?                                      \>8                                            Environmental changes to juvenile and spawning habitats; hydroelectric dams                                                                                                                          [@b22]
  Sockeye salmon - Upper Fraser River (British Columbia, Canada)                  Anadromous                 Extirpated          Yes                                    10--60                                         Intact spawning and juvenile habitat Source populations with similar ecological and genetic characteristics as extirpated populations Dam removal Natural straying from nearby healthy populations   [@b327]
  Sockeye salmon -- Sakinaw Lake (British Columbia, Canada)                       Anadromous                 Near-extirpated     ?                                      5^a,m^                                         Environmental changes to juvenile and spawning habitats, incidental harvest in mixed-stock fisheries                                                                                                 [@b48], [@b52]
  Sockeye salmon -- Cultus Lake (British Columbia, Canada)                        Anadromous                 Near-extirpated     ?                                      7[a](#tf7-1){ref-type="table-fn"}              Shifts in migration timing, incidental harvest in mixed-stock fisheries                                                                                                                              [@b49]
  Sockeye salmon -- Redfish Lake, Snake River (ID, USA)                           Anadromous                 Near-extirpated     Yes[n](#tf7-14){ref-type="table-fn"}   17[a](#tf7-1){ref-type="table-fn"}             Environmental changes to juvenile and spawning habitats, dams                                                                                                                                        [@b82], [@b83], [@b84]); [@b168])
  Steelhead (rainbow trout) -- East Vancouver Island (British Columbia, Canada)   Anadromous                 Near-extirpated     ?                                      ?                                              ?                                                                                                                                                                                                    [@b22]
  Steelhead (rainbow trout)- Hamma Hamma River (WA, USA)                          Anadromous                 Near-extirpated     ?                                      ?                                              ?                                                                                                                                                                                                    [@b22]
  Chum salmon -- Hood River (WA, USA)                                             Anadromous                 Near-extirpated     Yes[o](#tf7-15){ref-type="table-fn"}   12                                             Habitat enhancement                                                                                                                                                                                  [@b145]
  Atlantic whitefish (Nova Scotia, Canada)                                        Nonanadromous/anadromous   Near-extirpated     ?                                      3[a](#tf7-1){ref-type="table-fn"}              Dams, invasive species                                                                                                                                                                               [@b68]; [@b62]

Note that the factors involved or reputed to being involved in reintroduction successes or failures may differ from those (or some of those) involved in the original extirpation/near-extirpation of the wild population.

?, too early to assess if reintroduction is leading to a self-sustaining population.

Recently established live gene banking program or captive breeding program (with some procedures adopted from [Table 2](#tbl2){ref-type="table"}) as part of a recovery initiative.

Live gene banking still involved (into its third generation); total wild adult abundance less than a few hundred as of 2006.

Poor adult returns in many rivers; viability of populations still dependent on supplementation up to 2005.

Adult returns of mean *N* ≍ 200 between 1976 and 1996 (based on smolt- and fry-stocked returns); reintroduction efforts started in 1967 but did not use a geographically proximate source population until 1976. Still dependent on supplementation: 'not close to sustainability yet' ([@b272]).

Adult returns from reintroductions of mean *N* ≍ 200--300 between 1980 and 2004; *N* = 0 (2005); *N* = 2 (2006). Still dependent on supplementation.

Poor adult returns; supplementation still involved.

Poor adult returns; supplementation still involved.

Re-establishment in eight of nine extirpated rivers; population persistence believed to depend on supplementation.

Supplementation/reintroduction still involved.

Supplementation/ reintroduction still involved.

Successful reintroduction of several tributaries following removal of Lewiston Dam.

Natural spawning adults for the first time in over a century but still dependent on supplementation.

Poor adult returns in first two years of rehabilitation through supplementation (*N* = 99, 2004; *N* = 27, 2005).

Adult return of 312 hatchery-derived individuals in the eighth to eleventh years of captive breeding (1999--2002). Adult returns of *N* = 316 (2005) and *N* = 367 (2006) ([@b168]); supplementation still involved.

Reintroduction of two extirpated rivers with hatchery fish; supplementation ended in 2004.

Conversely, there were no obvious habitat limitations in the nine population systems, where captive-breeding has led to apparently self-sustaining populations. Yet, in one case, artificial liming of rivers was required to reduce acidification (induced by acid rain) so that Atlantic salmon populations inhabiting them could be self-sustaining ([@b141]). In another case, successful reintroduction of sockeye salmon populations might have been driven by dispersal and gene flow from neighboring, healthy wild populations and not necessarily by captive-reared fish ([@b327]; see also Pointe Wolfe River Atlantic salmon, inner Bay of Fundy: [@b109]). In four other cases, reintroduced populations might be becoming self-sustaining but they are all still dependent on supplementation ([@b272]; [@b289], [@b290], [@b29]; [@b168]).

Consequently, there is little long-term evidence regarding whether captive-reared salmonids *can* or *cannot* be reintroduced as self-sustaining populations. This is either because (i) captive breeding programs that adopt a multitude of procedures to reduce domestication selection and the rate of loss of genetic diversity in captivity have been initiated too recently to assess the performance of captive releases in the wild, (ii) reintroduction failures were confounded by not having other threats removed that likely impeded reintroduction success, most notably, habitat loss or change, (iii) apparently successful reintroductions may have been confounded by other factors which could explain the success besides captive-breeding (e.g., natural recolonization, artificial habitat manipulations), or because (iv) reintroduction attempts involving captive-breeding programs are still undergoing supplementation, making it difficult to assess whether the reintroduced populations have truly become self-sustaining. Overall, however, and based on the duration of even more 'modern' programs' (e.g., [@b136]; [@b84]; [@b215]), it would appear that a *minimum* of 15--20 years will be likely necessary to *potentially* achieve the conservation goal of establishing a self-sustaining salmonid population. This estimate is based on the realistic amount of time required to initiate a captive-breeding program, carry out reintroduction attempts, and monitor postrelease success after multiple generations.

Additional contexts: supplementation programs
---------------------------------------------

[@b317] recently conducted a meta-analysis of 22 major supplementation programs from the Pacific Northwest, specifically examining their ability to provide net long-term benefits to wild Pacific salmon populations. Most programs (17 of 22) used hatchery fish from the local wild population for supplementation, but their data had not previously been summarized and published in the primary literature. For net long-term benefits to occur, [@b317] argued that evidence was needed showing that hatchery fish could survive and spawn in the wild, produce viable progeny, and thus contribute to the natural population. Again, this situation is somewhat different from that of reintroducing captive-reared salmonids in an attempt to generate self-sustaining populations into formerly occupied habitats -- it more typifies the situation where a captive-breeding program is initiated to supplement a rapidly declining population. Also, [@b317] did not examine what procedures (e.g., [Table 2](#tbl2){ref-type="table"}) were employed in specific supplementation programs to reduce the potential effects of hatchery-rearing. Bearing these caveats in mind, the major conclusions from the meta-analysis were as follows. First, many supplementation programs have achieved a measure of short-term success in terms of boosting overall numbers of fish, either through high survival of broodstock and/or increases in the number of returning hatchery (captive-bred) adults compared to the wild population ([@b317]; see also [@b266]; [@b23]). Second, in the long-term, and in parallel to the observations and conclusions above, there is considerable uncertainty regarding the ability of supplementation programs to provide net long-term benefits to wild salmonid populations. As a result, these authors highlighted that the lack of empirical demonstration that supplementation provides net long-term benefits to wild salmonids should be a cautionary note to those considering initiating new programs or continuing existing ones ([@b317]).

Species transplants
-------------------

In light of threats such as habitat degradation that have not been removed and are likely impeding current reintroduction efforts, transplants within and outside of the species' range of different salmonids provide another context to consider the potential for captive-reared lines to be reintroduced as self-sustaining populations. In a review of anadromous Pacific salmon transplants, all of which would have involved some form of hatchery-rearing, [@b325] found no undisputed example of a successful transplantation within a species' range where there were no obvious physical barriers to natural dispersal. When natural, physical barriers were apparent and removed within species' ranges, successful transplantations have occurred ([@b75]; [@b36]; [@b327]; [@b138]; [@b165]; [@b206]; [@b284]). In addition, transplants of hatchery-reared, anadromous salmonids outside of salmonid species' ranges have been successful at times ([@b319]; [@b54]; [@b223]; [@b234]; [@b222]; [@b269]).

These patterns are interesting for two reasons. First, successful introduction of salmonids outside of species' ranges in the past 30--50 years (and even 100 years) suggests that the historical failure of some reintroductions within salmonid species' ranges over the same timeframe cannot be solely attributed to poorly developed hatchery- or captive-rearing techniques at the time. Second, where salmonids have historically been capable of dispersing naturally, they have colonized all habitats currently suitable to them. Thus, within their species' ranges, if anadromous salmonids are not present within a system, there is likely a good reason why they are not ([@b233]). An emerging conclusion is that the long-term recovery of endangered salmonids within their species' ranges is unlikely with captive breeding/rearing, unless the factors that contributed to their initial decline are addressed concurrently. Thus, given the uncertainty about whether the underlying causes of salmonid declines can be identified or remedied, an important societal question meriting debate is, when does one initiate and/or terminate captive breeding?

Wild environment changes
------------------------

The wild environment of captive salmonid populations might also change dramatically by the time fish can be reintroduced. For instance, there is evidence that the Bay of Fundy, Canada, a region with a number of endangered Atlantic salmon populations, is undergoing ecosystem changes ([@b51]). The environment of the Bay may therefore be very different than that of say 15 to 20 years before its salmon populations collapsed, and these changes could have been the major reason for the collapse in the first place ([@b51]). [@b171] and [@b99] have suggested that in such a circumstance, the crossing of all captive individuals and/or subpopulations prior to reintroduction would result in a reintroduced population with maximum genetic diversity. Such an approach would presumably lead to a greater likelihood of that captive population evolving the capacity to respond to environmental change. To date, however, no empirical studies (on any species) have addressed this possibility ([@b99]), though research on this topic has recently been initiated within live-gene banking programs for Atlantic salmon populations in eastern Canada (P. O\'Reilly, DFO, Halifax, personal communication). Still, one potential risk of this approach is that it could lead to an increase in straying to nontarget areas and thereby potentially affect other native populations. For instance, interbreeding of individuals between pink salmon populations resulted in increased straying rates to surrounding populations ([@b15]). In addition, and especially if the crosses will be carried out at a hierarchical level greater than subpopulations (e.g., at the population level), such a consideration would have to consider the geographic scale at which the crosses were being made and the potential for evolutionary and/or adaptive divergence to exist between the populations. For instance, the advantages of generating greater genetic diversity in the released individuals might be outweighed by the possible disadvantages of outbreeding depression from mixing populations (reviewed in [@b69]).

Species and/or life history differences in the chances of successful reintroduction?
------------------------------------------------------------------------------------

Currently, there appears to be insufficient quantitative data on salmonid reintroductions to discern whether different species or life-history types vary in their chances of being successfully reintroduced into previously occupied habitats ([Table 7](#tbl7){ref-type="table"}). However, if the ability of a salmonid species to be introduced successfully outside of its native range reflects its ability to be reintroduced into previously occupied parts of its native range, then two points merit consideration. First, anadromous populations, followed by lake migratory populations, may on average be more difficult to reintroduce than freshwater, resident populations. For instance, reviews of salmonid introductions suggest that anadromous salmonid populations do not transplant as well as freshwater species, perhaps because of their more complex requirements in having intricate life histories across multiple environments ([@b325]; [@b5]; [@b295]). Factors involved in freshwater salmonid declines might also be easier to rectify than those occurring across environments utilized by anadromous populations. Second, species such as rainbow trout and brown trout might be easier *on average* to reintroduce than species such as Atlantic salmon or several other Pacific salmon species, the former having been successfully introduced in many regions throughout the world where the latter have not ([@b233]; references therein; [@b55]).

One caveat of these predictions is that they assume the potential fitness consequences of captive-rearing are uniform across species and captive-breeding programs (or even life-history variants within species). But as previously mentioned, this is likely not the case. A sensible but untested hypothesis is that captive-breeding programs elicit the greatest reductions in fitness in species or populations with the greatest life-history and habitat differences between captive and natural conditions ([@b238]).

Can the demographic increase to population abundance from captive breeding outweigh the loss of fitness in captivity?
=====================================================================================================================

Even captive breeding programs that adopt some procedures to reduce genetic changes during captive-breeding/rearing might result in substantial fitness reductions within wild populations after one or a few generations ([@b10]). In other words, no matter how good the intentions, it would appear that as yet, humans have not generated a group of captive-bred/reared fish that *on average* will perform *equally* to wild fish once they are released into the wild. On the other hand, it appears that some supplementation programs, at least those involving juvenile releases, can achieve a measure of short-term success in terms of boosting overall numbers of fish ([@b317]; [@b23]). It would also seem that many salmonid populations with long histories of intense supplementation have not become extinct or severely reduced in abundance. If fitness can be reduced so much and so rapidly by domestication selection, why have not many of these populations experienced rapid declines? Thus, an unresolved enigma in evaluating the likelihood that captive breeding programs can translate into self-sustaining salmonid populations, is whether, and how, increases to population abundance (*N*) provided by captive-rearing could offset reduced fitness in the wild of captive-reared fish and their progeny. Interestingly, there are numerous examples of the ability of salmonids to evolve rapidly in the wild over several generations ([@b129]; [@b139]; [@b234]; [@b165]). Certainly, then, the possibility exists that a reintroduced population based on captive-reared fish could re-adapt to the wild environment under a similar timeframe.

Consider firstly a simple scenario where the original threats that led to the extirpation of a wild population have been removed and a one-time reintroduction of the captive-reared population is implemented. Owing to inevitable domestication selection in captivity, the captive-reared population has experienced a shift away from the wild optimum in quantitative trait variation related to fitness. Thus, it is now maladapted to the wild environment. [@b116] introduced a model examining conditions under which selection might prevent extinction of the captive-bred population upon reintroduction ([Fig. 2](#fig02){ref-type="fig"}). They considered whether such a population could evolve a sufficiently positive intrinsic growth rate (*r*) at abundance (*N*) below carrying capacity (*K*) before extinction from demographic stochasticity took place. [@b116] did not consider density-dependent effects but assumed that extinction risk was elevated below a threshold, critical population size (*Nc*). In the context of attempting to reintroduce populations with captive-reared fish, the major implication of the model is that an initially maladapted reintroduced population with a negative growth rate could evolve a positive growth rate without going extinct, provided that: (i) genetic diversity was sufficiently high, (ii) fish were not too maladapted initially, and (iii) initial *N* was large relative to *Nc* to allow the reintroduced population to persist long enough for evolution to occur ([Fig. 2](#fig02){ref-type="fig"}). Note that these conclusions are also consistent with those in previous sections relating to the importance of maintaining as high a *N*~e~ as possible in captivity ([@b101]), and maximizing genetic diversity in the captive-release generation (i.e., just before reintroduction; [@b99]). Note also, however, that there is an inherent tension between keeping *N*~e~ (and genetic diversity) as high as possible and reducing domestication selection in captivity, a subject treated in detail in the next section.

![Potential relationships between reintroduced population abundance and extinction risk with or without evolution by natural selection, modified from [@b116] (see also [@b161]). Population growth is density-independent and *Nc* represents a threshold abundance below which extinction risk is high. Without evolution, or when evolution cannot achieve replacement in the absence of gene flow, reintroduced populations decline to extinction (A). Evolution is insufficient to prevent the reintroduced population from being at a high risk of extinction, but it allows the population to avoid extinction if the population persists (B). Evolution is sufficient to prevent the population from being at a high risk of extinction (C). Immigration and resultant gene flow allows the evolving population to avoid extinction more rapidly (D) than in its absence (B). Immigration and resultant gene flow increases the susceptibility of extinction to the evolving population (E) than in its absence. All cases assume the same reduction in wild fitness within the captive-bred population before reintroduction.](eva0001-0535-f2){#fig02}

[@b116] model thus also assumed that mechanisms exist that allow for positive population growth despite reintroduction of maladapted individuals, and similarly, that at some point following the initial drop in *N* from *K*, evolutionary contributions to population growth would not be countered by density-dependent factors ([@b116]; [@b287]; [@b161]). Unfortunately, empirical assessments of these assumptions are currently very limited in salmonids. For instance, analogous to reintroducing maladapted, captive-bred fish to a previously occupied habitat, [@b161] and [@b162] noted how founding or postfounding contributions might influence evolution and resultant population growth in salmon during colonisation of new habitat.

While it is easy to envision that evolution within a maladapted, reintroduced population could be sufficient in and of itself to result in a self-sustaining population, in many cases this might not happen before the reintroduced population succumbs to extinction through demographic stochasticity (a delay in 'A' from [Fig. 2](#fig02){ref-type="fig"}). Under what conditions, then, could repeated reintroduction events increase the likelihood of successful overall reintroduction? On one hand, recurrent immigration from a maladapted, captive-reared source could demographically rescue a young, reintroduced population because the population literally never becomes extinct ([@b144]). The infusion of genetic diversity through 'low', constant gene flow (perhaps even only one or two migrants per generation), particularly in the early stages of reintroduction, might also generate the novel variation required by selection to shift a population\'s growth from negative to positive, as well as to offset traditional problems associated with small population size (e.g., inbreeding, genetic drift) ([Fig. 2D](#fig02){ref-type="fig"}; [@b116]; [@b287]; [@b278]; [@b161]). Indeed, repeated influxes of immigrants have apparently been involved in some successful introductions or species invasions ([@b175]; [@b251]). On the other hand, immigrants would in general be maladapted to the local environment and resultant gene flow with the reintroduced population as it grows might constrain the effects of ongoing selection ([Fig. 2E](#fig02){ref-type="fig"}; [@b116]; [@b161]). As a rough guide based on [@b116], the reciprocal of the time a population first reaches low densities (*Nc*) following the initial reintroduction could be used as the frequency of gene flow episodes required for population persistence due to regular immigration or introductions. In short, assessments of the relative degree to which these opposing effects might affect reintroduction success are sorely needed.

Can single hatchery facilities maintain genetic diversity and fitness, or are multiple facilities required?
===========================================================================================================

Whether single or multiple facilities are required to maintain both genetic diversity and fitness in captive breeding programs of endangered salmonids raises some important trade-offs to be factored in for biodiversity conservation. On one hand, to avoid significant losses of genetic diversity in captivity, captive populations must be kept at sufficiently large *N*~e~ to slow the rate of loss of genetic diversity due to the genetic consequences of small *N*~e~ ([@b101]). This suggests that the following three options could be sufficient to maintain genetic diversity: (i) a single large population, maintained at a single hatchery facility ('Option 1'), (ii) several small populations mixed frequently at a single hatchery facility (to effectively comprise one large population of identical *N*~e~: 'Option 2'), or (iii) several small populations mixed frequently between multiple facilities (to effectively comprise one large population of identical *N*~e~: 'Option 3').

Yet, paradoxically, larger *N*~e~ populations respond more readily to selection than smaller *N*~e~ populations, all else being equal ([@b249]; [@b320]; [@b3]). That is, a large *N*~e~ facilitates adaptation by minimizing genetic drift, whereas a small *N*~e~ increases genetic drift, which can hinder adaptation ([@b56]). Consequently, while a larger *N*~e~ is more advantageous than a smaller *N*~e~ in the wild (larger *N*~e~ populations will on average be more capable of responding to environmental change than smaller *N*~e~ populations), it might be disadvantageous in captivity (larger *N*~e~ populations may become more adapted than smaller *N*~e~ populations to the captive environment). Having multiple small, isolated populations, maintained at either a single hatchery facility ('Option 4') or at multiple hatchery facilities ('Option 5'), could thus be a better means of reducing the loss of fitness in captivity. Nevertheless, Options 4--5 must be tempered with the fact that in small *N*~e~ populations, one gets more genetic drift, in addition to some selection. In other words, both large and small *N*~e~ captive 'options' represent genetic changes from the wild population state. Thus, a key issue for accommodating fitness *and* genetic diversity is not only the degree to which a captive population becomes adapted to the hatchery environment, but also the degree to which the selective regimes differ between the captive and wild environment. If the difference in selective regimes can be reduced considerably, at some point a large *N*~e~ captive population ('Options 1--3') could be the way to go, because it would retain considerably more genetic diversity while at the same time not becoming too adapted to the captive environment relative to small *N*~e~ captive populations ('Options 4--5').

To throw more complexity into the different options, however, some theory ([@b159]; [@b210]; see also [@b313]) predicts that Options 4--5 could also result in the maintenance of more overall genetic diversity and increase the overall *N*~e~ compared to Options 1--3. This would only happen if no extinctions of the small populations occurred ([@b159]; [@b210]; [@b176]; [@b285]). Yet, such extinctions can arise in small captive breeding programs (e.g., [@b267]; [@b285]), and indeed, all else being equal, small populations are more likely to go extinct than large ones. Thus, unless there is some means to avoid these captive population extinctions altogether, the potential genetic diversity benefits of Options 4--5 might not be realized.

Based on all of these considerations, it has been suggested that a 'best' overall option might be an intermediate one (e.g., a compromise between Options 2/4 or 3/5). For salmonids, this would involve the maintenance of several small populations in captivity at one or multiple hatchery facilities, with translocations occurring only every several generations (see [@b187]; [@b99]).

Empirical evidence
------------------

To my knowledge, no empirical studies have tested whether the potential advantages of utilizing several small, isolated captive breeding populations with periodic mixture are upheld in salmonid captive breeding programs. In fact, only one empirical study has addressed theoretical predictions relating to the general 'single-large versus several-small' captive population issue, using fruit flies (*Drosophila* spp.) as a model ([@b187]). These authors generated replicate populations and compared the genetic diversity and reproductive fitness of populations with the following *N* compositions: (i) 50 vs. 2 × 25, (ii) 100 vs. 2 × 50 vs. 4 × 25, and (iii), 500 vs. 2 × 250 vs. 4 × 100 + 2 × 50 vs. 8 × 25 + 6 × 50. [@b187] maintained all of these populations separately at their indicated sizes for 50 generations (including subdivided populations). The *N* compositions involving population subdivision (e.g., 2 × 25, 2 × 50 etc.) were subsequently pooled and all populations were maintained an additional 8 to 10 generations prior to evaluating their fitness and genetic diversity. The authors found that the 'several-small with periodic mixing' captive breeding population option was more advantageous than the 'single-large with no mixing' option. Namely, cases involving subdivided populations that were then pooled, when compared to single large populations of equivalent total size, had lower inbreeding levels, significantly higher or similar reproductive fitness, and higher levels of genetic diversity (i.e., heterozygosity) ([@b187]).

Summary
-------

There is only very limited empirical research to suggest that maintaining several small isolated populations with periodic mixing may be more effective at reducing losses of genetic diversity and fitness than maintaining a single large population. Periodic mixing might also reduce the risks associated with regular translocations (e.g., the introduction of infectious diseases). This raises the possibility that a compromise between either Options 2/4 or Options 3/5 (i.e., several small, isolated populations with periodic mixing, housed in either a single hatchery facility or multiple hatchery facilities, respectively) might be the best way to maintain endangered salmonid populations in captivity. Again, though, the tentative conclusion here is based on the assumption that no extinctions of the small populations occur in captivity.

Although [@b99] recently acknowledged that such a fragmentation regime had considerable merit, he did not recommend its application, perhaps because of the limited research on the subject. I now consider some potential pros and cons of these options as they may pertain to salmonids. For example, relative to a mix of Options 2/4 (single facility), a mix of Options 3/5 (multiple facilities) could also act as a safeguard against catastrophes such as extreme weather, water shortages or fires ([@b187]; [@b99]). However, in theory, catastrophes like disease outbreaks might still be contained at the same hatchery facility with Options 2/4. In addition, relative to Options 3/5, the use of a single hatchery facility with Options 2/4 would not require translocations between facilities when periodic mixing was required. This might have advantages in reducing (i) financial costs associated with translocations, (ii) the stresses that translocations impose on animals (depending on the life-history stage of salmonid being translocated), and (iii) the potential asynchrony that might arise in breeding times and embryonic developmental times by using multiple facilities that realistically vary in their thermal regimes (i.e., from different water sources).

Assuming either 'several-small-occasional mixing' approach is adopted in salmonids (Options 2/4 or 3/5), substantial uncertainty remains with respect to its implementation, as only generalized recommendations have been discussed in the primary literature. A first recommendation is that the small populations should not be so small that rapid inbreeding (and loss of genetic diversity) arises.

A second recommendation, based on the results of [@b187], is that the genetic benefits of using small isolated populations might increase with the number of small populations involved. For instance, relative to a single large population of *N* = 100, four replicates of *N* = 25 subsequently pooled together led to a ≍60% increase in fitness under simulated wild conditions and a ≍41% increase in genetic diversity (heterozygosity), whereas pooling of two replicates of *N* = 50 led to ≍28% and ≍17% increases. Thus, further splitting populations in captivity might accrue greater fitness/genetic diversity benefits but might also require (i) more space and resources to house endangered populations, (ii) more risk of extinction of some captive populations, and/or (iii) more frequent translocations to offset inbreeding and the loss of genetic diversity. Consequently, decisions to adopt such a strategy would have to weigh such benefits against their added financial costs, perhaps especially for (i) given the kind of space required to house adult salmonids.

Finally, it is difficult to gauge how long the small populations should be maintained before pooling them. Again, any extinction of the small populations will counteract the benefits of the 'several-small-occasional mixing' strategy, and if left too long, rapid inbreeding will ensue in small populations ([@b187]; [@b285]). Inbreeding thresholds in salmonids are poorly characterized within species ([@b306]) and likely vary among populations. Yet, available data indicate that the fitness effects of inbreeding might be considerable in salmonid populations (at a minimum of a half-sibling inbreeding coefficient) without long histories of small population size ([@b220]; [@b207]; but see [@b275]). As an overall cautionary approach, [@b187] suggested monitoring inbreeding levels each generation and using as low an inbreeding threshold as possible to avoid extinction of the individual small populations. This may be unachievable in some cases unless pedigree information is available.

Are there technical alternatives to hatchery facilities for conserving genetic diversity and fitness?
=====================================================================================================

Preceding summaries of certain sections in this review have suggested that salmonid captive-breeding programs may be unsuccessful in many cases because the root or purported causes of population decline or extirpation have not been mitigated. This implies that technical alternatives to hatchery facilities for conserving genetic diversity and fitness will also be unsuccessful unless at least some of the root causes of salmonid extirpation are corrected. Nevertheless, such technical alternatives may have practical utility in particular circumstances for conserving biodiversity.

Sperm cryopreservation
----------------------

[@b215] recently reviewed the potential for cryopreservation techniques to reduce losses of genetic diversity and fitness in long-term live-gene banking programs. Namely, cryopreserved sperm obtained from salmonid males in the founder or early generations of captivity could be used to fertilize female eggs in subsequent generations ([@b268]). Because it can keep the genes within sperm largely intact for long periods of time (hundreds to thousands of years; [@b274]), sperm cryopreservation has several advantages for biodiversity conservation. First, it could conserve a large proportion of the genetic variation in the founder generation of live-gene banking programs (up to 50%), as alleles from founder females would be represented in the sperm of first generation males ([@b268]). Second, the technique could minimize inbreeding and reduce domestication selection to captivity, as half of the gametes contributing to later generations would be obtained from individuals collected originally from the wild, or that had experienced only a single generation of captive rearing ([@b215]). Importantly, sperm cryopreservation techniques have been developed for a wide variety of endangered salmonids (e.g., [@b274]; [@b229]; [@b174]; [@b172]; see also [@b128]; [@b173] and [@b215] for details of techniques).

Sperm cryopreservation is not without its disadvantages. Because of its reduced viability relative to fresh sperm, more sperm than might be available through cryopreservation storage could be required to produce ample numbers of individuals that will in turn ensure modest numbers of mature adults for a live-gene banking program ([@b215]). Thus, cryopreserved sperm could not be depended upon to produce the last live-gene banking generation intended for release into the wild. Also, significant genetic divergence might occur between the founder and prerelease or release generations in live-gene banking programs ([@b215]). This could lead to outbreeding depression ([Box 1](#bx1){ref-type="boxed-text"}) in the release generations of a program if the cryopreserved sperm was not used within a few generations ([@b215]). Similarly, the wild environment might simply change during the generations of cryopreservation such that release generations may be maladapted to the wild by the time they are released. Finally, sperm cryopreservation cannot be viewed as a true alternative to hatcheries because it is necessarily dependent on breeding and rearing facilities.

Androgenesis
------------

Techniques to preserve female eggs or fertilized embryos have not been developed for salmonids, so [@b283] and [@b215] reviewed two methods for reconstituting original wild populations from cryopreserved sperm. Either cryopreserved sperm from an extirpated population can be used to fertilize eggs from a nearby healthy population, or embryos can be produced with all-paternal inheritance (androgenesis). The latter involves obtaining unfertilized eggs from females of a nearby extant donor population that are then irradiated to inactivate their genetic material, and then fertilizing them using cryopreserved sperm from the original native (extirpated) population ([@b283]; [@b215]). The resulting androgenic diploids consist of DNA solely derived from the original native population by repressing the first cleavage division ([@b283]). Overall, these methods require considerable time and labour to reconstitute the original native gene pool, and suitable nearby extant populations may not be available to carry them out. Additionally, some introgression of genetic material from the original native population is unavoidable, and maternal genetic material (mtDNA and any sex-linked nuclear DNA: nDNA) is lost ([@b215]). Genetic changes associated with multiple generations of captive breeding and rearing will also arise when producing the final generation of juveniles intended for release into the wild. Finally, for androgenesis, the treatment used to block cleavage greatly reduces the survival of embryos, so additional crosses would likely be necessary with this method to retain heterozygosity and wild fitness. Therefore, these methods cannot be viewed as complete alternatives to captive breeding in salmon biodiversity conservation because they still require some captive breeding/rearing to be effective.

Surrogate broodstock technologies
---------------------------------

The most promising technical alternatives to captive breeding for conserving endangered salmonids are very recently developed surrogate broodstock technologies (reviewed in [@b216]). These technologies involve the transplantation of primordial germ cells or spermatogonia from a target species into a related species, wherein the related species can then produce *both* viable sperm and eggs of the target species ([@b216]). [@b216] carried out such a procedure by injecting cryopreserved rainbow trout (*Oncorhynchus mykiss*) spermatogonia into newly developing, triploid (sterile) masu salmon embryos (*Oncorhynchus masou*). The authors were able to raise the injected masu salmon to maturity at which time the adults produced viable trout gametes. A total of 55% of the trout spermatogonia died under cryopreservation, and only 10% of the triploid salmon females had trout eggs that could be fertilized by triploid salmon males carrying trout sperm. Nevertheless, intriguingly, the surrogated sperm and eggs when mixed created an F1 generation of normal trout, and this generation was subsequently able to produce a normal F2 generation of trout.

For biodiversity conservation, the implication of [@b216] work is that it is possible to generate individuals of an endangered or extirpated salmonid population (in the case, provided the primordial germ cell tissue was collected prior to extirpation) using a widely available surrogate species. Thus, it may be possible to maximize generation length 'in captivity' by (i) preserving most if not all of the genetic diversity within an endangered population initially brought into captivity for several generations and (ii) preventing substantial fitness reductions in captivity before generating that population again in the future when the threats posed to it have been removed.

I foresee five potential limitations of the technique. First, it is currently unclear how well the technique will work when adopted on different target and surrogate species of salmonids. The success rate of surrogate broodstock technologies might vary among species (or even within species), or be considerably lower when using other species. Second, as in the case of sperm cryopreservation, the wild environment might simply change during the generations of cryopreservation such that captive-release generations may be unable to track selective changes in the wild by the time they are released. Third, the maternal environment of the surrogate might affect the performance of offspring. Fourth, there is potentially a political danger that efforts to protect endangered species habitat may be diminished if it is viewed that species can be brought back at any given future date. Fifth, chemicals and treatments involved in both surrogate broodstock technologies and sperm cryopreservation might generate epigenetic changes in captive-bred individuals. Epigenetic changes, such as alterations to DNA or mutations that affect gene regulation, have been recently shown to have considerable effects in mammals ([@b119]; [@b152]; [@b237]). These changes might not be readily apparent in the hatchery environment but could have important fitness consequences when returning hatchery-fish into the wild (P. O\'Reilly, DFO Halifax, personal communication). Overall, such risks would have to be addressed if these techniques are to be considered sole alternatives to captive-breeding in endangered species restoration.

Translocations to new habitats
------------------------------

Other alternatives to hatcheries for conserving species such as endangered anadromous salmonids might include (A) translocation to landlocked freshwater habitat, (B) transfer to other rivers that enter the sea, or (C) some mixture of artificial or semi-natural breeding from adult releases into natural river habitat, and then exclusive rearing of juveniles in freshwater and rearing of adults in sea pens, especially for those populations where marine survival is negligible. For instance, alternative (A) has been successful in generating new populations that act as safeguards against species extinction for endangered subspecies of cutthroat trout (*Oncorhynchus clarki* spp.) in western North America ([@b334]). Alternative (A) has also recently been adopted in a live-gene banking program of Atlantic whitefish (*Coregonus huntsmani*), wherein individuals have been introduced into a lake that shares many environmental features of the species' traditional range (A. Cook, Dalhousie University, personal communication). However, though alternatives (A) and (B) do not necessarily require the extent of labour or resources as hatcheries, they may not be feasible in some cases. These alternatives also generate a host of new challenges/issues to deal with. First, alternative (A) might not be applicable to some semelparous salmonids which show less evidence that they can support freshwater landlocked populations (but see Laurentian Great Lakes chinook and pink salmon; [@b54]). Second, alternatives (A) or (B) also might not be justifiable if the endangered salmonid is nonnative and thus has the potential to impact native fauna, or if populations of the same species already exist there and interbreeding might occur. Third, both alternatives (A, B) would also face similar challenges to restoring the 'original' fitness of the endangered population. This is because the new environments, perhaps especially alternative A, might lead to potentially irreversible evolutionary change, or at least shifts in phenotypic trait distributions of populations. Finally, alternative (C) would likely still require some degree of hatchery support to assist in the artificial spawning of fish and to ensure a good representation of genetic diversity through the generations. It, therefore, cannot be viewed as a complete alternative to captive-breeding/rearing.

Conclusions
===========

This review on the extent to which captive breeding programs can conserve salmonid biodiversity reveals numerous trends and uncertainties. It also has several implications for ongoing salmonid captive breeding programs. Many of these implications are directly relevant to the assessments of captive breeding programs in other taxa, especially for species with indeterminate growth, high fecundities, or complex migratory lifecycles (e.g., other fishes, amphibians, and insects):

1.  Encouragingly, for most captive breeding programs, neutral (and perhaps quantitative) genetic diversity within populations can be sufficiently maintained in captivity for several generations. However, tremendous variation likely exists among programs in their capacity to retain genetic diversity over the longer-term because: (i) adopted procedures for maintaining high *N*~b~/*N* or *N*~e~/*N* ratios in captivity vary among programs and (ii) *N*~b~/*N*~e~ estimates of different captive broodstocks vary widely and are sometimes small. Uncertainty over the longer-term also exists because programs adopting many procedures to reduce the loss of genetic diversity are still young, and these procedures have not been systemically evaluated for long-term effectiveness in salmonids (and very rarely in other taxa). There is, nevertheless, great scope for current and future salmonid captive breeding programs to reduce the rate of loss of genetic diversity in captivity ([Table 2](#tbl2){ref-type="table"}).

2.  Perhaps more importantly however, is that even with proper care, the captive environment may lead to unavoidable genetic changes and/or wild fitness changes in quantitative traits. In other words, maintenance of a large *N*~e~ captive broodstock does not necessarily ensure the retention of genetic diversity pertaining to fitness. Though limited, the most relevant research suggests that quantitative genetic changes are likely manifested more rapidly than losses of overall neutral genetic diversity in captivity. Fitness losses may potentially arise even within one generation, or after one or two generations of captive-breeding/rearing. There is also some indication that the magnitude of fitness loss increases as the duration in captivity increases. Yet, tremendous variation likely exists between different programs, species and populations within species with respect to the type and magnitude of fitness-related costs that can be accrued each generation from captive-breeding/rearing. Clearer resolution of the magnitude of potential fitness effects of captive breeding/rearing and their overall risks to wild populations awaits further investigation, especially over the longer-term.

3.  There is an unavoidable trade-off between reducing domestication selection during captive-rearing by having a period of wild exposure, and maintaining genetic diversity by equalizing family sizes of wild-exposed individuals when generating new broodstocks. What should be considered optimal in this regard merits serious discussion.

4.  Mechanisms reducing fitness in captivity and in the offspring of captive-wild matings are likely multifaceted, affecting behavior, swimming performance, imprinting, stress responses, growth, run-timing, developmental stability, developmental time to hatch, embryo size, maternal reproductive investment, body morphology and age-at-maturity, all of which may be linked to fitness. Identification of such mechanisms in specific cases could suggest ways to improve the chances of successful reintroduction in the long term.

5.  Owing to several confounding factors, there is currently little empirical evidence that captive-reared lines of salmonids can or cannot be reintroduced as self-sustaining populations. However, a wide body of circumstantial evidence supports that captive breeding programs alone will not be sufficient to re-establish endangered salmonids within their species' ranges, unless the factors contributing to their initial decline are concurrently addressed (see also [@b110]; [@b198]; [@b82], [@b84]; [@b267]; [@b315]; [@b317]).

6.  Based on the duration of more 'modern' captive breeding programs (e.g., [@b136]; [@b84]; [@b215]), a *minimum* of 15--20 years will likely be necessary to *potentially* achieve the conservation goal of re-establishing a self-sustaining salmonid population in the wild, in a previously occupied habitat within the species' native range.

7.  Research is sorely needed on whether the demographic advantages of increasing population abundance via captive breeding can outweigh the genetic disadvantages of losing fitness in captivity.

8.  There are biological pros and cons to maintaining captive broodstocks as either single or multiple populations within one or more hatchery facilities. This is especially the case when the objective is to retain both their genetic diversity and fitness. There is currently little empirical support for any one approach, but there are several sound reasons for favouring multiple populations and periodic mixing, housed in multiple facilities (e.g., to reduce the risk of catastrophes).

9.  As potential technical alternatives to conserving salmonid genetic diversity, surrogate broodstock technologies may hold the most promise in the future, but as yet have not been tested in a real-world conservation situation. Thus, for practical reasons, cryopreserved sperm may be a more useful means of retaining genetic diversity. However, both surrogate and cryopreservation methods require some level of captive breeding and therefore cannot be viewed as a replacement for captive breeding. Other alternatives include translocations to new habitats, which may be available in some cases but for several biological reasons must also be considered with caution.

Management recommendations
==========================

As illustrated by a review of salmonid fishes, ongoing, in-depth research and evaluation of existing captive breeding programs is needed to facilitate proper-decision making on when, where, and how such programs might be most useful for conserving biodiversity in the future. In a parallel situation, an independent scientific panel also recently identified three key principles for the reform of traditional hatchery programs ([@b201]; see also [@b311]; [@b315]; [@b85]; [@b317]; [@b209]). First, the goals of each program needed to be explicitly stated. Second, the programs had to be scientifically defensible. Third, the programs had to be capable of adapting to new information as it came in ([@b201]). Such principles may easily apply to captive breeding programs as well.

For instance, the specific management goals of particular captive-breeding programs or their captive-rearing practices have not always been readily apparent. Following [@b201], I suggest that the goals of captive breeding programs be more specific and related to 'success', beyond preventing the imminent extinction of the target population. This might include (i) scientific research results relating to the maintenance of genetic diversity and fitness within captive-bred populations, and re-establishment of self-sustaining populations in the wild, (ii) knowledge generated for decision-making regarding the initiation or continued-monitoring of particular programs, and (iii) endangered species/population education through public outreach.

In addition, to date, salmonid captive breeding research has not always been structured to gain reliable knowledge for maintaining genetic diversity and fitness or generating self-sustaining populations in the wild. Inadequate experimentation in captive salmonids is likely explained by three reasons. First, many procedures which might reduce the loss of genetic diversity and fitness in captivity have only been recently adopted in most programs. Second, in dealing with endangered populations, there are inherent trade-offs between preventing extinction, having replicated controlled experiments over multiple generations, and ensuring sufficient adult returns and/or families to carry out such studies effectively or simultaneously. Third, salmonids require several years to reach maturity and ample space for captive-rearing. In some cases, additional space for multiple generations of experimentation may not be feasible. Nevertheless, where feasible, there is a critical need for captive breeding manipulations and monitoring to include, *a priori*, greater application of hypothesis testing through the use of well-designed experiments. In this regard, analogous guidelines for carrying out effective experimentation in salmonid supplementation programs or in general reintroductions might be very useful (see [@b311]; [@b238]; [@b315]; [@b265]; [@b13]). On a positive note as well, many new procedures and theoretical models are available to tackle challenges related to conserving genetic diversity and fitness, and they await testing in terms of their long-term effectiveness (e.g., [@b77];[@b305]; [@b66]; [@b78], [@b79]; [@b297]; [@b304]; [@b250]).

Inferences gained to date by salmonid captive breeding programs have also been largely based on a case-by-case basis. Furthermore, many publications have not included details of procedures adopted to reduce the rate of loss of genetic diversity and fitness in captivity (but see [@b84]; [@b215]). Clearly, differences between captive breeding programs might demand evaluations on a case-by-case basis within the context of program goals ([@b311]; [@b22]). On the other hand, the origin of more general principles and guidelines for effective salmonid captive breeding and reintroduction might only be achievable if the documentation of procedures adopted is improved. Similarly, the knowledge generated by captive-breeding programs could be made more accessible to governmental, nongovernmental and academic researchers as well as to policy-makers. Perhaps encouragement to publish timely, peer-reviewed literature would be a means of ensuring that (i) captive-breeding programs adhere to evaluating their goals, (ii) knowledge from captive-breeding programs can be integrated for meta-analyses, and (iii) captive-breeding procedures can be modified if new information suggests that this would improve the effectiveness of programs. Such points may be especially pertinent for endangered species/populations, where time is indeed of the essence.

As previously mentioned, a myriad of procedures are now available for potentially slowing the rate of loss of genetic diversity and fitness in captivity. But many of these will likely demand additional resources and labour to carry them out effectively. There is consequently an imminent need to know and prioritize which procedures might simultaneously work best towards achieving captive breeding goals while keeping cost-benefit ratios as low as possible. For example, one major trade-off exists between the potentially greater productivity accrued from the release of older and larger juveniles versus the presumed genetic and ecological benefits of egg/early life-history releases ([@b22]). In this regard, referral to cost-benefit analysis guidelines developed for more traditional hatchery or supplementation programs might be very useful (e.g., [@b311]; [@b315]; [@b194]; see also [@b209]).

A final comment on uncertainty
==============================

It is encouraging that salmonid captive breeding programs can clearly fulfill the proximate goal of preventing the imminent extinction of an endangered species or population ([@b84]; [@b215]). Nevertheless, a central conclusion of this review for both salmonids and other taxa is that considerable uncertainty remains regarding the ability of captive breeding to realize its ultimate goals: maintaining genetic diversity and fitness over the long-term and re-establishing populations into previously occupied habitat within species' native ranges. In a parallel situation on traditional hatchery program reform for salmonids, [@b311] pointed out that improved research would not by itself be sufficient because it would not resolve all uncertainties, but of equal importance, that much key information would likely not be available for many years. [@b311] therefore argued that it was essential to develop workable methods for dealing with uncertainty.

Three points are worth noting in this regard in the case of salmonids. First, the number of endangered salmonid populations is already substantial (e.g., Canada\'s Species at Risk Act; U.S. Endangered Species Act) and will most likely increase in the future from human activities. Second, although research on several species is now underway that will improve existing captive-breeding programs, such research generally takes a decade to complete (e.g., [@b10]). Third, this review points to a *minimum* duration of 15--20 years for captive-breeding programs to *potentially* re-establish self-sustaining populations in the wild. Consequently, now might be a good time to ask similar critical questions that previous authors have (*sensu*[@b311]). For instance, where should the burden of proof lie given the inevitable uncertainty? Should captive breeding programs be used persistently because they can prevent imminent extinction (thus preventing, in the short-term, irreversible losses of diversity)? Or, conversely, should they be used only very cautiously given the uncertainty in the long-term of (i) whether they can conserve genetic diversity/fitness or re-generate self-sustaining populations and (ii) whether underlying causes of salmonid declines can be remedied? In this case, allocation of resources might be placed in potentially more cost-effective long-term strategies, such as *in situ* preservation of other populations. In the end, the benefits and risks of initiating, continuing, or terminating a captive breeding program from a management perspective can only be weighed from (i) estimating the probabilities of different possible outcomes and (ii) careful consideration of the potential consequences of being wrong ([@b57]; [@b311]).
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[@b248] recently established 'systematic review' guidelines for review papers in conservation, ecology, and environmental management. They suggested that a comprehensive and documented search strategy be included to reduce bias in review papers and to facilitate updating in light of further advances. To address questions throughout the review relating to how well captive breeding programs conserve salmonid biodiversity, I performed a rigorous literature search for primary, peer-reviewed journal articles in Web of Science™, ICES Journal of Marine Science and Google Scholar™ search engines. After a first collection of literature was made, relevant literature cited within these articles was collected. In addition, major authors of peer-reviewed articles involving relevant key words were searched in databases to ensure that all related works were researched. Wherever necessary, major contributing authors were contacted directly for article reprints or PDFs. The following 84 search terms (in alphabetical order) or combinations thereof were used to find relevant primary literature for various review sections:
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